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Abstract 
 Among the different additive manufacturing processes, selective laser melting (SLM) 
represents an optimal choice for the fabrication of metallic components with complex 
geometries and superior properties. SLM parts are built layer-by-layer using high-energy 
laser beams, making SLM more flexible than conventional processing techniques, like 
casting. The fast heating/cooling rates occurring during SLM can result in remarkably 
different microstructures compared with conventional manufacturing processes. The high-
temperature gradients characterising SLM can also have a positive effect on the 
microstructures and, in turn, on the mechanical properties of the SLM parts. Additionally, the 
SLM parts can be put into use with the necessity of minimal post-processing treatments.  
To date, a number of studies have been devoted to the parameters optimization or processing 
of composite materials with defect-free parts. The scanning strategy is one of the most 
influential parameters in materials processing by additive manufacturing. Optimization of the 
scanning strategy is thus of primary importance for the synthesis of materials with enhanced 
physical and mechanical properties. 
 Accordingly, this thesis examines the effect of four different scanning strategies on 
the microstructure and mechanical behaviour of 316L stainless steel synthesized by selective 
laser melting (SLM). The results indicate that the scanning strategy has negligible influence 
on phase formation and the type of microstructure established during SLM processing: 
austenite is the only phase formed and all specimens display a cellular morphology. The 
scanning strategy, however, considerably affects the characteristic size of cells and grains that, 
in turn, appears to be the main factor determining the strength under tensile loading. On the 
other hand, residual stresses apparently have no influence on the quasi-static mechanical 
properties of the samples. The material fabricated using a stripe with contour strategy 
displays the finest microstructure and the best combination of mechanical properties: yield 
strength and ultimate tensile strength are about 550 and 1010 MPa and plastic deformation 
exceeds 50 %.  
 Another important aspect for the application of 316L steel synthesized by SLM is its 
thermal stability. Therefore, the influence of annealing at different temperatures (573, 873, 
1273, 1373 and 1673 K) on the stability of phases, composition and microstructure of 316L 
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stainless steel fabricated by using the stripe with contour strategy has been investigated. 
Moreover, the changes induced by the heat treatment have been used to understand the 
corresponding variations of the mechanical properties of the specimens under tensile loading. 
Annealing has no effect on phase formation: a single-phase austenite is observed in all 
specimens investigated here. In addition, annealing does not change the random 
crystallographic orientation observed in the as-synthesized material. The complex cellular 
microstructure with fine subgrain structures characteristic of the as-SLM specimens is stable 
up to 873 K. The cell size increases with increasing annealing temperature until the cellular 
microstructure can no longer be observed at high temperatures (T ≥ 1273 K). The strength of 
the specimens decreases with increasing annealing temperature as a result of the 
microstructural coarsening. The excellent combination of strength and ductility exhibited by 
the as-synthesized material can be ascribed to the complex cellular microstructure and 
subgrains along with the misorientation between grains, cells, cell walls and subgrains.  
 With the aim of further improving the mechanical behaviour of 316L steel, this works 
examines the effect of hard second-phase particles on microstructure and related mechanical 
properties. For this, a composite consisting of a 316L steel matrix and 5 vol.% CeO2 particles 
was fabricated by SLM. The SLM parameters leading to a defect-free 316L matrix are not 
suitable for the production of 316L/CeO2 composite specimens. However, highly-dense 
composite samples can be synthesized by carefully adjusting the laser scanning speed, while 
keeping the other parameters constant. The addition of the CeO2 reinforcement does not alter 
phase formation, but it affects the microstructure of the composite, which is significantly 
refined compared with the unreinforced 316L material. The refined microstructure induces 
significant strengthening in the composite without deteriorating the plastic deformation. 
 The analysis of the effect of a second phase is continued by investigating how TiB2 
particles influence the microstructure and mechanical properties of a 316L stainless steel 
synthesized by selective laser melting. The complex cellular microstructure with fine 
subgrains characteristic of the unreinforced 316L matrix is found in all samples. The addition 
of the TiB2 particles reduces significantly the sizes of the grains and cells. Furthermore, the 
TiB2 particles are homogeneously dispersed in the 316L matrix and they form circular 
precipitates with sizes around 50-100 nm along the grain boundaries. These microstructural 
features induce significant strengthening compared with the unreinforced 316L specimens. 
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 These findings prove that SLM can be successfully used to synthesize 316L stainless 
steel matrix composites with overall superior mechanical properties in comparison with the 
unreinforced 316L steel matrix. This might help to extend the use of SLM to fabricate steel 
matrix composites for automotive, aerospace and numerous other applications. 
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Kurzfassung 
 Unter den verschiedenen additiven Fertigungsverfahren stellt das selektive 
Laserschmelzen (SLM) eine optimale Technologie für die Herstellung von metallischen 
Bauteilen mit komplexen Geometrien und hervorragenden Eigenschaften dar. SLM-Bauteile 
werden Schicht für Schicht mit hochenergetischen Laserstrahlen hergestellt, was das SLM 
flexibler als konventionelle Produktionstechnologien wie das Gießen macht. Die beim SLM 
auftretenden schnellen Aufheiz-/Kühlraten können zu deutlich unterschiedlichen Gefügen im 
Vergleich zu herkömmlichen Herstellungsverfahren führen. Die  beim SLM entstehenden 
Hochtemperaturgradienten können sich weiterhin positiv auf die Gefügeentstehung 
(Phasenbildung, Morphologie, …) und damit auf die mechanischen Eigenschaften der SLM-
Bauteile auswirken. Darüber hinaus können die mit SLM gefertigten Teile mit der 
Notwendigkeit einer minimalen Nachbearbeitung in den Einsatz genommen werden.  
Bisher wurden mehrere Studien zu den Parametern: Optimierung oder Verarbeitung von 
Verbundwerkstoffen mit fehlerfreien Teilen durchgeführt Die Scanstrategie hat dabei einen 
besonders großen Einfluss bei der Materialbearbeitung durch die additive Fertigung. Die 
Optimierung der Scanstrategie ist daher von zentraler Bedeutung für die Synthese von 
Materialien mit verbesserten physikalischen und mechanischen Eigenschaften. 
 Diese Arbeit untersucht die Wirkung von vier verschiedenen Scanning-Strategien auf 
das Gefüge und das mechanische Verhalten von 316L Edelstahl, synthetisiert durch 
selektives Laserschmelzen (SLM). Die Ergebnisse deuten darauf hin, dass die Scanstrategie 
einen vernachlässigbaren Einfluss auf die Phasenbildung und die Art des Gefüges hat, die 
während der SLM-Verarbeitung entsteht: Austenit ist die einzige Phase, die sich bildet, und 
alle Proben weisen eine zelluläre Morphologie auf. Die Scanstrategie beeinflusst jedoch 
erheblich die charakteristische Größe von Zellen und Körnern, die wiederum der Hauptfaktor 
für die Festigkeit unter Zugbelastung zu sein scheint. Andererseits haben Eigenspannungen 
offenbar keinen Einfluss auf die quasi-statischen mechanischen Eigenschaften der Proben. 
Das mit einem Streifenmuster mit Konturstrategie hergestellte Material weist das feinste 
Gefüge und die beste Kombination mechanischer Eigenschaften auf: Streckgrenze und 
Bruchdehnung liegen bei 550 MPa und 1010 MPa und die plastische Verformung bei über 
50 %. 
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 Ein weiterer wichtiger Aspekt für die Anwendung des mittels SLM synthetisierten 
316L-Stahls ist seine thermische Stabilität. Daher wurde der Einfluss des Glühens bei 
verschiedenen Temperaturen (573, 873, 1273, 1373 und 1673 K) auf die Stabilität der Phasen, 
der Zusammensetzung und des Gefüges des 316L-Edelstahls untersucht, der unter 
Verwendung des Streifenmuster mit Konturstrategie hergestellt wurde. Darüber hinaus 
wurden die durch die Wärmebehandlung induzierten Veränderungen genutzt, um die 
entsprechenden Variationen der mechanischen Eigenschaften der Proben unter Zugbelastung 
zu verstehen. Das Glühen hat keinen Einfluss auf die Phasenbildung: Bei allen hier 
untersuchten Proben wird ein einphasiger Austenit beobachtet. Darüber hinaus ändert das 
Glühen nicht die zufällige kristallographische Orientierung, die im Material nach der 
Synthese beobachtet wird. Das komplexe zelluläre Gefüge mit feinen Subkornstrukturen, die 
für die as-SLM-Proben im Ausgangszustand charakteristisch sind, ist bis zu 873 K stabil. Die 
Zellgröße nimmt mit steigender Glühtemperatur zu, bis das zelluläre Gefüge bei hohen 
Temperaturen nicht mehr beobachtet werden kann (T ≥ 1273 K). Die Festigkeit der Proben 
nimmt mit steigender Glühtemperatur durch die mikrostrukturelle Vergröberung ab. Die 
ausgezeichnete Kombination von Festigkeit und Duktilität des Materials im Ausgangszustand 
ist auf das komplexe zelluläre Gefüge und die Subkörner sowie die Fehlausrichtung zwischen 
Körnern, Zellen, Zellwänden und Subkörnern zurückzuführen. 
 Mit dem Ziel, das mechanische Verhalten des 316L-Stahls weiter zu verbessern, wird 
der Einfluss harter Partikel einer zweiten Phase auf das Gefüge und die damit verbundenen 
mechanischen Eigenschaften untersucht. Dazu wurde mittels SLM ein Verbund aus einer 
316L-Stahlmatrix und 5 Vol.% CeO2-Partikeln hergestellt. Die SLM-Parameter, die zu einer 
fehlerfreien 316L-Matrix führen, sind für die Herstellung von 316L/CeO2-Verbundproben 
nicht geeignet. Hochdichte Verbundproben können jedoch durch sorgfältige Einstellung der 
Laserscangeschwindigkeit unter Beibehaltung der anderen Parameter prozessiert werden. Die 
Zugabe der CeO2-Verstärkung verändert die Phasenbildung nicht, beeinflusst aber das 
Gefüge des Verbundwerkstoffs, welches im Vergleich zum partikelfreien 316L-Material 
deutlich verfeinert ist. Das verfeinerte Gefüge bewirkt eine signifikante Verstärkung im 
Verbund, ohne die plastische Verformung zu beeinträchtigen. 
 Die Analyse des Einflusses einer zweiten Phase wird fortgesetzt, indem untersucht 
wird, wie TiB2-Partikel das Gefüge und die mechanischen Eigenschaften eines 316L-
Edelstahls beeinflussen, der durch selektives Laserschmelzen hergestellt wird. Das für die 
Kurzfassung 
vi 
 
unverstärkte 316L-Matrix charakteristische komplexe zelluläre Gefüge mit feinen 
Subkörnern ist in allen Proben zu finden. Die Zugabe der TiB2-Partikel reduziert die Größe 
der Körner und Zellen erheblich. Darüber hinaus sind die TiB2-Partikel in der 316L-Matrix 
homogen dispergiert und bilden kreisförmige Ausscheidungen mit einer Größe von etwa 50-
100 nm entlang der Korngrenzen. Diese mikrostrukturellen Merkmale führen zu einer 
signifikanten Verfestigung im Vergleich zu den unverstärkten 316L-Proben. 
 Diese Ergebnisse belegen, dass SLM erfolgreich zur Synthese von 
Verbundwerkstoffen aus dem Edelstahl 316L mit herausragenden mechanischen 
Eigenschaften im Vergleich zu einer unverstärkten 316L-Stahlmatrix  eingesetzt werden kann. 
Dies könnte dazu beitragen, den Einsatz von SLM bei der Herstellung von Stahlmatrix-
Verbundwerkstoffen für die Automobilindustrie, die Luft- und Raumfahrt und zahlreiche 
andere Anwendungen zu erweitern. 
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Introduction 
  
Aims and objectives  
 Selective laser melting (SLM) is an additive manufacturing process that uses 3D 
computer-aided design data as software source, which provides a high flexible of materials 
design. During the SLM process, a focused laser beam melts the powder layer by layer to 
create a three-dimensional object, having virtually any possible shape and intricacy; 
additionally, the parts display high density, without need for post-processing other than 
surface finishing [1–3]. The main challenge in SLM processing is to adjust the process 
parameters, such as laser power, scanning speed, layer thickness, hatch distance and scanning 
strategy [4,5]. This is a necessary step to understand the interaction between materials 
characteristics and process parameters and their effect on the final SLM products, also to 
achieve high density of the parts and to avoid undesirable effects, such as balling and 
delamination, and the formation of porosity and voids [6,7]. Examples of this research 
include Al-based and Ti-based alloys for lightweight applications in automotive and 
aerospace fields [8–12], Ni-based alloys due to their stable microstructures and mechanical 
properties at elevated temperatures [13–16] and CoCr(Mo/W) alloys for high temperature and 
biomedical applications [17–19].  
 Thanks to its excellent oxidation and corrosion resistance, austenitic 316L stainless 
steel is one of the most extensively used materials for a broad range of applications, ranging 
from medical tools, kitchen utensils to petroleum industry or thermal and nuclear power 
plants [20]. One major drawback of 316L stainless steel is its low yield strength, and many 
efforts have been made to overcome this obstacle by using thermo-mechanical treatments, 
including rolling and forgoing, but at the expense of the ductility of the material [21]. In 
addition, further extension of the possible applications of 316L steel would require the 
fabrication of components with complex geometries, a task not always easily achievable by 
conventional manufacturing processes. Therefore, selective laser melting is considered a 
suitable technique to overcome these limitations. 
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 The processing parameters significantly affect the microstructure of SLM parts and 
thus can alter the mechanical properties. The scanning strategy is one of the most influential 
processing parameters in additive manufacturing [22–24]. Therefore, this thesis examines the 
optimization of the scanning strategy for the synthesis of 316L steel and its effect on structure 
and the mechanical properties. Also, hardening and tempering are usually carried out as post-
processing techniques to further enhance the strength and wear resistance of steels [25]. After 
the hardening stage, steels reach their maximum yield strength due to martensite formation 
but they may become very brittle. In order to attain a good combination of strength and 
ductility, tempering might be required [26]. Hence, this study also covers the effect of heat 
treatments on the microstructures and mechanical properties of the 316L samples fabricated 
by SLM. Moreover, the study has been extended from pure 316L steel to its ceramic-
reinforced composites. The effect of the different types of particulate reinforcements and 
their volume fractions on the strength and microstructure of 316L matrix composites 
fabricated by SLM have been investigated. 
There are three primary aims of this thesis: 
1) To investigate the effect of the scanning strategy for a 316L stainless steel synthesized by 
selective laser melting. Four different scanning strategies have been applied and the 
resulting microstructural characteristics have been used to understand the variation of the 
mechanical properties of the specimens under tensile loading. 
2) To understand the influence of annealing temperatures on the stability of phases, 
composition, microstructure and mechanical properties. To achieve this aim, the scanning 
strategy that shows better mechanical properties was annealed at different temperatures. 
3) To explore the effects of the addition of CeO2 and TiB2 particles on phase formation, 
microstructural evolution and mechanical properties of the 316L stainless steel matrix.  
  
Design of the thesis 
 The overall structure of the thesis takes the form of the seven chapters. Chapter 1 will 
consider the different types of manufacturing processes, especially the additive 
manufacturing technology and selective laser melting. The processing parameters of selective 
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laser melting have been discussed along with the different systems fabricated by using SLM. 
Moreover, the solidification fundamentals are discussed. The final part of Chapter 1 has been 
dedicated to iron-based alloys and stainless steels. The experimental approach and 
instrumentation utilised in the present thesis have been described in Chapter 2. 
 Chapter 3 analyses the effect of the scanning strategy on microstructural features, 
texture, residual stresses and tensile properties of 316L stainless steel fabricated by SLM. 
Chapter 4 discusses the effect of different annealing temperatures on stability of 
microstructure and mechanical properties of the SLM parts. Chapter 5 focuses on the 
optimization of the laser processing parameters, particularly the scanning speed, to synthesize 
the 316L/CeO2 composites. Moreover, the microstructure and mechanical properties of the 
resultant materials are studied in this chapter. The purpose of Chapter 6 is to study the 
influence of the addition of TiB2 particles on phase formation, microstructural evolution and 
mechanical properties of a 316L stainless steel matrix. Finally, the conclusions are presented 
in Chapter 7. 
 
 Chapter 1: Theoretical background  
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Chapter 1: Theoretical background 
 The present chapter presents the theoretical background that is needed to understand the 
work procedure in this thesis. The beginning of this chapter gives a general overview of the types 
of manufacturing processes, then explains in details the additive manufacturing process and its 
useful applications. Selective laser melting (SLM) is also described in this chapter with focus on 
the processing parameters that play an important role during its process. The melting and 
solidification principles are also discussed in this chapter, and how the modes of solidification 
are influenced by the processing parameters. This chapter also pays attention to the alloys 
synthesized by SLM, in particular stainless steels and metal matrix composite.        
 Manufacturing processes can be divided into two major groups (1) removal process (RP) 
and (2) additive manufacturing (AM) or rapid manufacturing (RM) process [27]. A removal 
process (RP) can be defined as sequences that subtract excess material from the original 
workpiece to obtain the desired geometry. The most important processes in this category are 
machining, milling, drilling, cutting and turning [28]. The main disadvantage of the removal 
process is that a lot of waste material is produced, therefore it may cause high production 
expenses. 
 On the other hand, AM processes can be described as a class of technologies that utilize 
computer-aided design (CAD), based on layer-by-layer process to build up the parts that can be 
used directly as end-use products, so that AM is also known as solid freeform fabrication. AM 
earns the following advantaged over the RP process [29]:  
1) Efficiency in materials use: AM is able to build the parts from the raw materials with 
minimal waste of materials and offer adequate accuracy in the geometry of finished parts. In 
addition, the remaining materials can be reused.    
 Chapter 1: Theoretical background  
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2) Design freedom: AM has made it easy to transfer a computerized 3D-model to a real product 
without need for post-processing other than surface finishing. This inaugurates the possibility 
to manufacture the complex parts in a single piece and leads to novel innovations in the 
designing of materials. 
3) Green manufacturing: The AM is an energy efficient process that leads to the least 
consumption of material throughout the production stage; the process is therefore 
environment-friendly and is anticipated to back up green manufacturing. 
1.1.1  Overview of the additive manufacturing (AM) 
 The term ‘Additive manufacturing ̕has come to be used to refer to the process of building 
up three dimensional (3D) objects from digital model data [30]. AM usually generates parts by 
adding material in a layer upon layer as shown in Fig. 1.1. In the beginning, AM was used to 
fabricate rapid prototyping [30], but nowadays AM has been used to fabricate the end-use 
products. 
 
 
 
 
 
Fig. 1.1.  Principles of additive manufacturing. A 3D product made from staggered layers [31]. 
 Different materials have been synthesized by AM, for example plastic, metals, polymers, 
ceramics and human tissue [32]. Therefore, AM can be classified on the basis of the raw 
materials into three main groups (Fig. 1.2): (1) liquid-based; such as Stereo-Lithography (SLA) 
[33], which is a process that includes the curing of a photosensitive polymer when an ultraviolet 
laser does contact with resin, (2) solid-based; such as Laminated Object Manufacturing (LOM) 
where the 3D fabricated parts are cut using a laser beam to shape laminates that are bonded 
 Chapter 1: Theoretical background  
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together [34], (3) powder-based; such as Selective Laser Melting (SLM) or Selective Laser 
Sintering (SLS) where the pre-placed powder is melted using scanning infrared laser beam in 
order to create the required product layer by layer [35]. Although, Laser Metal Deposition (LMD) 
[36], Electron Beam Melting (EBM) [30] and Laser Engineering Net Shaping (LENS) [37] 
follow the additive manufacturing principle, the system of powder supply in these processes is 
different than that is in SLS/SLM, it changes from prespreading to coaxial feeding. The main 
weakness with liquid-based and solid-based processes is that after fabrication the post-processing 
of the 3D parts is required which is not needed for the SLS, neither the SLM process. The 
standard classification of the AM technologies can be seen in Fig. 1.2.  
 
 
 
 
 
  
Fig. 1.2. Classification of the different additive manufacturing processes [30].  
 Nowadays the AM technology has been used to synthesize a wide range of materials for 
different applications because of the ability to produce complex shapes that are difficult or 
impossible to be fabricated by conventional processes. The AM has found its applications in 
several fields such as aerospace, defence, spacecraft, biomedical and the automobile industries, 
as shown in Fig. 1.3. 
 Chapter 1: Theoretical background  
 
7 
 
 
Fig. 1.3. Applications of additive manufacturing in different sectors [38]. 
 In this thesis the selective laser melting (SLM) technology was used. Therefore, the next 
sections aim to introduce and explain: (1) the SLM principles, (2) the laser-material interaction, 
(3) laser processing parameters, and (4) the melting and solidification processes.      
 
1.2 Selective Laser Melting principles (SLM) 
 Selective laser melting (SLM) is an additive manufacturing process that uses 3D CAD 
(Computer Aided Design) data as software source, which provides a high flexibility of materials 
design. During the SLM process, a focused laser beam melts the powder layer by layer to give a 
three-dimensional object, having virtually any possible shape and intricacy. Additionally, the 
fabricated parts display high density, without need for post-processing other than surface 
finishing [1,36]. An SLM system includes a laser source, a scanning mirror, a powder loading 
unit, a building substrate, a wiper and a gas flow controller. Different types of laser can be used 
with different wavelengths, depending on the absorption characteristics of the powder granules. 
The laser source commonly used for processing metals is a continuous wave ytterbium fiber laser 
with a wavelength of 1.1μm [30].  
 Chapter 1: Theoretical background  
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 The SLM process begins by spreading a layer of powder on the top of substrate using the 
recoater, thereafter the layer is melted by the laser beam (Fig. 1.4). As soon as the building of the 
first layer is completed according to the shape dictated by the CAD file, the substrate is lowered 
by an amount corresponding to the layer thickness. The recoater then spreads the next layer of 
powder. The laser beam then melts a new cross-section. This process is repeated, until the 
required parts are completely built. Eventually, the building platform is taken out of the chamber 
and the 3D parts are detached from substrate plate.  
 
  
 
 
 
 
 
Fig. 1.4. Schematic representation of how an SLM system works (the three main steps are marked with 
arrows: (1) depositing a powder layer, (2) melting the powder particles and (3) lowering the substrate 
plate. 
 
1.2.1 Laser-material interaction 
 As aforementioned, the powder material is exposed to the laser beam during the SLM 
process. Therefore, the material properties such as the powder size, absorptivity, thermal 
conductivity, chemical composition and density can play a conclusive role during the SLM 
process. Based on these properties the laser can permeate through the material, reflect and scatter 
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away or be observed by the material [39]. This behaviour is illustrated in Fig. 1.5(a). In addition, 
the laser source moves fast, causes rapid heating, melting and solidification of the material. 
Consequently, nonhomogeneous temperature field is formed and accompanied with physical 
phenomena like Marangoni flow and heat dissipation through conduction, convection or 
radiation [2].  
 
Fig. 1.5. (a) Inter-reflection of laser beam and heat absorption during the melting of powder bed [40] and 
(b) different heat transfers phenomena occur during the laser melting process [2].    
All phenomena (Fig. 1.5(b)) are highly affected by the material characteristics [2]. Hence, during 
the SLM process, the laser beam interaction with the material and as well as the resulting heat 
transfers phenomena are of complex nature. Therefore, the laser processing parameters have to 
be carefully optimized in order to attain the sound final products with acceptable properties. In 
the section that follows, the laser processing parameters will be discussed.  
 
1.2.2 Laser processing parameters 
 SLM is a complex process where the interaction of different parameters can decisively 
influence the quality of the final products. The main laser processing parameters are laser power, 
scanning speed, laser spot size, scanning strategy (hatch style), hatch distance and layer thickness 
(b) (a) 
 Chapter 1: Theoretical background  
 
10 
 
[41–46]. To achieve sound parts by using the SLM technology, these parameters have to be 
taken into account. There is a strong relation between scanning speed and laser power. This 
relation can be represented by energy density (E in J/mm3), the amount of energy that is provided 
to the powder during the melting stage, expressed by (Eq.1.1). 
𝑬𝑬 =  𝑷𝑷 ( 𝒗𝒗 ∗ 𝒕𝒕 ∗ 𝒉𝒉)�                                        (1.1) 
where, P is the laser power (W), v is the laser scanning speed (mm/s), t is the layer thickness (μm) 
and h is the hatch distance (μm) [47]. The powder will receive more energy with increasing 
power and/or decreasing scanning speed. The hatch distance (the distance between two laser 
scanning tracks, as depicted in Fig. 1.6) is also a conclusive factor during the SLM process. The 
hatch distance should be smaller than the width of the laser track to guarantee good metallic 
bonding and to suppress the formation of porosity [47].   
 
 
 Fig. 1.6. Flowchart showing SLM processing from the first laser track to the final 3D item. 
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Fig. 1.7. Schematic of the hatch overlap during SLM process. SD is the scanning direction, ΔX is the 
overlapping distance. The green lines represent solidified laser tracks, the yellow arrow is the path of the 
laser scan and the red line is the melted area of the powder in a single scan track. 
  
 To understand the role of the hatch distance during the SLM process, consider that the 
laser beam melts a thin layer of powder deposited over a substrate, or over a previous deposited 
layer, which is being a substrate for the new layer as shown in Fig. 1.7. The powder particles 
under the laser track are melted, but those on the sides of the tracks are not melted [3]. Therefore, 
multi-tracks are needed to melt the entire powder. To avoid the formation of porosity and attain 
optimal bonding between successive laser tracks and consecutive layers, track overlap should 
occur. The overlap is defined as the difference between the hatch distance and overlapping 
distance (h-∆×) (Fig. 1.6 and Fig. 1.7). The overlap between hatches is very important to keep 
strong bonding between tracks during an SLM process in order to achieve samples with good 
quality [48]. The layer thickness is also an important parameter and should be carefully chosen. 
For example, when a thicker layer is selected, more energy is required to melt powder particles. 
Occasionally, the high energy leads to evaporate the powder particles and, as a result, the 
porosity is formed in SLM parts [49]. The scanning strategy (or hatch style) is another 
fundamental factor in the SLM process. A scanning strategy can be described as the way the 
individual line scans are designed and how they change their directions after each layer. There 
are several types of scanning strategies, such as stripe with contour, checkerboard, meander, 
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stripe with no contour, zigzag, offset, etc. Examples of the commonly used scanning strategies 
are illustrated in Fig. 1.8.      
         
 
 
Fig. 1.8. Schematic displays the various types of scanning strategies that are commonly applied in the 
SLM process (a) stripe with contour, (b) meander, (c) stripe with no contour and (d) checkerboard.  
 
 These scanning strategies are repeated in every layer and followed by rotation of the 
patterns after each layer to ensure a good bonding between layers and suppress the formation of 
porosity between the layers [22–24]. It can be concluded that the optimization of the hatch style 
is necessary to decrease the defects and increase the relative density of the SLM components 
[2,50–52]. 
 
1.3  Melting and solidification fundamentals 
 The SLM process is similar to welding, where the rapid heating, melting and 
solidification occur, but faster [53,54]. Grain structure, crystallographic orientation, 
microstructure, chemical homogeneity and mechanical properties of the SLM parts depend on 
the melting and solidification of the melt pool, formed while the laser melts the powder particles. 
The size and shape of the melt pool are influenced by the laser process parameters, heat flow 
conditions and material characteristics [55,56]. Therefore, understanding the geometrical feature 
of the melt pool is necessary to understand the fundamentals of the SLM process. 
 
 (a) 
  
(b) (c
 
(d) 
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1.3.1 Melt pool shapes and types 
 The melt pool can be classified into three types (I) teardrop, (II) discontinuous and (III) 
continuous (Fig. 1.9) [57].  Generally, higher laser scanning speeds and low laser powers result 
in the reduction of heat input. The melt pool subsequently becomes longer, narrower and its 
liquid become unstable and, as a result, its shape is like tear-drop (ball). When the scanning 
speeds are decreased, the heat input is higher and the outcome is an elliptic shape of the melt 
pool, though still discontinuous [58]. At slower scanning speeds more energy is provided to melt 
pool, consequently the outcome is a continuous melt pool surrounded by denuded areas [3]. In 
addition, other factors such as buoyancy force and Marangoni convection together with 
composition of material can also influence the melt pool feature. For example, reducing the 
content of sulfur in stainless steel can lead to 50% decrease of the depth of the melt pool [58,59].     
 
Fig. 1.9. Illustration showing the three forms of melt pools: teardrop (Type I), discontinuous (Type II) 
and continuous (Type III)  [57]. 
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1.3.2 Solidification mechanisms 
 As aforementioned, SLM is one of the processes that include high cooling rate during 
solidification process [60,61]. Therefore, the knowledge of the solidification fundamentals is 
required to understand the metallurgical nature of the SLM process. The following paragraphs 
deal with these fundamentals. 
 When a mixture of various elements solidified to form an alloy, the outcome is ideally a 
solid with uniform composition. This ideal case may not be attained due to several factors. 
Firstly, the presence of impurities during the solidification. Secondly, variation of the cooling 
rate leading to the change of composition in the resultant solid. Thirdly, the limit of solubility of 
a solute in the solvent, both in the liquid and solid states [58]. During the solidification process, 
the redistribution of solute atoms occurs between the solid and the liquid. A number of factors 
can play a key role for determining solute redistribution and microstructure devolvement during 
the solidification. These factors are defined as follows [58]: 
 
 Partition coefficient: k = Cs/CL                                      (1.2) 
 Liquid temperature gradient: GL = dTL/dx                  (1.3) 
 Solidification rate: R = dx/dt                                            (1.4) 
 Cooling rate: GL· R = dT/dt                                         (1.5) 
 
The partition or solute redistribution coefficient (k) is defined as the ratio of the solute 
concentration in the solid (Cs) to that of the liquid (CL) at the solid-liquid interface at any given 
temperature [58].  For most of the alloy systems, the value of k is not a constant and dependent 
on the system temperature. However, it can be constant in the case when the solidus and liquidus 
lines are straight, which is not common [58]. 
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Fig. 1.10. The binary phase diagram showing the partition ratio (k)  [62]. 
  
 Consider the first case when k is less than 1, as shown in Fig. 1.10 (left). The solute will 
partition to the liquid and the solid is not able to accommodate as much solute as the liquid does. 
In this situation Cs and CL both increase as temperature T of the S/L (solid/liquid) interface 
decreases during the solidification. The second case is that the value of k is greater than one (Fig. 
1.10, right). The solute will be depleted in the liquid, and the solid can accommodate more solute 
than the liquid does. In this case, Cs and CL both decrease as the temperature T of the S/L 
interface drops during the solidification. The third case is when the value of k is close to 1, and 
the redistribution of solute is reduced [58,62]. In addition, the temperature gradient in the liquid 
(GL) and the solidification growth rate (R) are important factors to decide the final mode of the 
solidification as explained in the coming paragraph.   
 The solidification modes describe the differences in morphologies at the S/L interface. 
For example, under the conditions of low solidification rates (steep temperature gradients), the 
S/L interface of pure metals is solidified as planer. Also, the solidification mode can be changed 
if a severe thermal undercooling is provided. However, most of S/L interfaces of alloys solidify 
in either dendritic, cellular, columnar, or a combination of these [63,64], as shown in Fig. 1.11. A 
number of factors play a role in determining the solidification mode of the S/L interface. The 
temperature gradient in the liquid (GL) and the solidification growth rate (R) should be highly 
considered during the solidification process. The product of these parameters (GL·R) controls the 
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size of the solidification microstructure, while the ratio (GL/R) determines the morphology of the 
solidification structure. During welding processes as well as during SLM, the temperature field is 
highly transient due to the very fast movement of the heat source [2], therefore the combination 
modes of the solidification structure can result. 
 Fig. 1.12 shows that the increase of the cooling rate (see Eq.1.5) will reduce solidification 
time, consequently, the fine cellular or dendritic structure will be formed. On the contrary, at 
high-temperature gradients or very low cooling rates, a planar solidification front is occurred. 
The equiaxed solidification mode has been noticed for extremely low-temperature gradients 
[58,65]. It can be deduced that the solidification mode of S/L interface is highly influenced by 
the cooling rate. 
 
 
 
 
 
 
 
 
 
 
Fig. 1.11. Different solidification modes occurring in metal alloys [64].  
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Fig. 1.12. the effect of cooling rate on the solidification mode [58]. 
    
1.4  Alloys synthesized using the SLM technique 
 A great deal of research on SLM has been focused on the optimization of laser 
parameters, such as laser power, laser scanning speed, laser spot diameter, hatch distance, 
scanning strategy and layer thickness [24,52,54,66–68], to understand the interaction between 
materials and process parameters, and their effect on the final SLM products [6,7]. For example, 
several efforts have been devoted to synthesize the Al-based and Ti-based alloys by SLM, for 
applications in automotive and aerospace fields [8–12]. Ni-based alloys have also been 
fabricated via SLM due to their stable microstructures and mechanical properties at elevated 
temperatures [13–16] and CoCr (Mo/W) alloys processed by SLM have also become a good 
candidate for high temperature and biomedical applications [17–19]. 
 Fe-based alloys have also processed by SLM. For example, the 316L stainless steel is one 
of the alloys that have been widely synthesized by SLM because of its combination of good 
mechanical properties, good machinability, relatively low costs, good wear resistance, excellent 
oxidation and corrosion resistance for a wide range of applications, [69–73]. The following 
sections present the types, characteristics and applications of steel alloys.  
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1.4.1 General overview 
  Steel remains one of the most used, successful and cost-effective between the structural 
materials [25]. The main reason behind the overwhelming dominance of steels is that the large 
variety of microstructure and properties which can be generated by synthesis or post-processing. 
Therefore, it becomes necessary to briefly introduce the structure and properties of pure iron, 
before describing the different types of steels in more details. 
  
 
 
 
 
 
 
               Fig. 1.13. The pure iron phase diagram [25]. 
 
 In general, iron can be classified into three allotropes in bulk forms [25]. The body- 
centered cubic (BCC, α ferrite) structure is stable from room temperature up to 1185 K (912 °C). 
Above1185 K, the face-centered cubic (FCC, γ austenite) is formed, which can be retained up to 
1667 K (1394 °C). Over the FCC γ limit, the δ-ferrite is formed, which is the stable structure of 
iron until the melting point 1811 K (1538 °C). In addition, the hexagonal closed packed (hcp, ƹ) 
phase is formed only at extremely high pressures, as shown in Fig. 1.13.  
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Fig. 1.14. Showing the classification of steels depending on structure and applications [74]. 
  
 Steels can be synthesized from pure iron by the addition of carbon atoms to the interstitial 
positions of the crystal structure, as shown in Fig. 1.14. Moreover, the addition of other elements 
like Ni, Co, Cr, Mn, Si, P, Cu, etc. can also have an influence on the microstructure and 
properties of steels. The effects of the different elements on steels properties will not be 
discussed in detail here. More information about alloying in steels can be found in [25,75,76]. 
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1.4.2 Stainless steels, their grades and applications 
The stainless steel can be defined as a group of high-alloyed steels based on the Fe-Cr-C, Fe-Cr 
and Fe-Cr-Ni systems. A steel is classified as stainless steel when the chromium content is higher 
than 10.5 wt.%  [77]. The addition of chromium greatly improves the corrosion resistance of the 
steels by formation of a thin layer of a stable oxide on the surface [78]. Stainless steels have been 
extensively used for a broad range of applications, ranging from medical tools, kitchen utensils 
to petroleum industry and thermal and nuclear power plants due to their excellent oxidation and 
corrosion resistance [79,80]. 
 
Fig. 1.15. Fe-Cr the equilibrium phase diagram [25]. 
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 Generally, the material systems are classified in terms of composition, while the stainless 
steels can be classified depending on the prevailing phase. The possible phases in stainless steel 
are martensite, ferrite and austenite. In addition, structures consisting of 50 % austenite and 50 % 
ferrite lead to form duplex stainless steels [78]. Accordingly, the alloying elements of stainless 
steel can be divided into those that either ferrite stabilisers, such as Cr, Mo, Si, Al, W and V, or 
austenite stabilisers, such as Ni, Mn, C, N, Co and Cu [76]. Fig. 1.15 shows how the phases of 
the stainless steel are changed due to the addition of chromium when Cr weight percent is below 
13 wt. %, the austenite phase is still present (gamma loop) in the temperature range between 
1185 K (912 °C) and 1667 K (1394 °C). On the other hand, the ferrite phase becomes the 
predominant phase over the whole temperature range at high chromium concentrations greater 
than 13 wt.% [25]. Other elements are also added to stainless steel composition to improve 
specific properties. A well-known example of these elements is Mo which is added to increase 
the pitting corrosion resistance and, in some cases, to enhance the strength. Mn is added to 
enhance the hot ductility of stainless steel. In addition, Mn increases the solubility of nitrogen in 
stainless steel and expands the γ-loop. Si added for a better oxidation resistance of stainless steel 
at elevated temperature. For precipitation-hardening of stainless steel, Cu is used [25], while the 
primary function of the addition of Ni to the Fe-Cr system is to expand the γ- phase and keep it 
stable at room temperature or below (Fig. 1.16).  
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Fig. 1.16. Schaeffler diagram shows the effect of alloying elements on Fe-Cr-Ni systems [25].  
 
1.4.3 Austenitic stainless steel 
 There is a wide variety of austenite stainless steels. The most famous type is based on the 
18Cr-8Ni systems [25]. Austenitic stainless steels are generally non-magnetic and have good 
formability, high ductility, and excellent cryogenic properties [81]. They can be easily shaped 
due to their FCC structure. Moreover, austenitic stainless steel has good corrosion resistance in 
most of the corrosive environments due to the presence of Ni and Cr. By increasing the content 
of these two elements, the resistance of intergranular corrosion is improved [82]. Although, the 
contents of alloying elements are very high in austenite stainless steels, which makes these alloys 
more expensive than ferritic and martensitic stainless steels, they offer distinguish benefits, 
especially in terms of weldability and formability [82].  
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1.4.4 Ferritic stainless steel 
 Ferritic stainless steels have been attracting considerable interest as another important 
type of stainless steels. These alloys have a ferritic structure with excellent resistance to pitting 
corrosion, crevice corrosion and stress corrosion cracking [82]. These alloys are as strong as the 
austenitic stainless steels, but have lower ductility. The ferritic stainless steels can be classified 
depending on the content of chromium: (1) lower-chromium (10.5-12.5 wt.%) grades are suitable 
for applications under normal corrosion environments, such as automotive exhaust systems; (2) 
medium-chromium (16-18wt.%) grades can be used in automotive trim and other 
decorative/architectural applications; (3) high-chromium (>25wt.%) grades have become an 
excellent choice to be used in very aggressive corrosion environments, such as for chemical 
plants pulps and paper mills; moreover, these alloys are entirely free from stress corrosion. 
However, the ferritic stainless steels cannot serve in the environments above 673 K (400 °C) due 
to the formation of embrittling phases, especially high-Cr grades are affected by embrittlement at 
748 K (475 °C) 
 
1.4.5 Martensitic stainless steel 
 Martensitic stainless steel is another important group of stainless steels that are formed by 
an allotropic transformation. When the austenite is cooled rapidly to low temperatures, as a result 
of this fast cooling the martensite is formed. The martensitic stainless steels are generally based 
on Fe-Cr-C ternary systems, and these alloys normally have high carbon content with relatively 
low chromium content (12-14 wt.%). Therefore, martensitic stainless steels have lower corrosion 
resistance compared to the other grades of stainless steels. Furthermore, martensitic stainless 
steels cannot serve at temperatures above 923 K (650 °C) because their mechanical properties 
and corrosion resistance are degraded. Martensitic stainless steels are cheaper than other stainless 
steels because of the lower content of Cr and other alloying elements and can be efficiently used 
for freshwater canal locks, steam piping and large hydro turbines. 
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1.4.6 Duplex stainless steels 
 The duplex stainless steels are a combination of the ferrite (BCC) and the austenite (FCC) 
phases. Their structures are formed by maintaining a balance between the austenite stabilisers 
(Ni, Cu, N and C) and ferrite stabilisers (Mo, Nb, Si and Cr). As a result of the two-phase 
structure, the duplex stainless steels show good strength due the ferrite phase and excellent 
toughness and corrosion resistance due to the presence of the austenite phase. The yield strength 
increases with increasing ferrite content. In addition, the duplex stainless steels are stronger than 
either any austenitic steels or ferritic steels [25,83]. These remarkable characteristics make them 
appropriate to be used in pulp and paper industry, petrochemical and chemical industry. 
 
1.5 Synthesis of stainless steels by additive manufacturing 
 A wide variety of materials, including Al-based alloys, steels, and metallic glasses [84–
86], has been fabricated by SLM. Because of the combination of good mechanical properties, 
good machinability, relatively low costs, good wear resistance and excellent oxidation and 
corrosion resistances [69–73,87–89] along with the wide spectrum of applications, the synthesis 
of stainless steels by SLM has also been extensively investigated. The effort of the research on 
stainless steels is headed for their applications: optimization of the processing parameters and 
related physical properties and mechanical properties for utilizing the biomedical properties of 
stainless steel alloys, such as 316L, 904L and 304 stainless steels [90–93]. The use of stainless 
steels extends to industrial sector, where the focus pays to parameter optimization and 
investigation the relation between microstructure and mechanical properties [24,42,52,88,94–
100]. To improve the mechanical properties, thermal stability and wear resistance of the stainless 
steel, the ceramic particle reinforcements have been added to stainless steel such as TiN, SiC, 
WC, TiC, TiB and TiB2 [101–105]. The following sections of this chapter move on to describe in 
greater detail the advantages of composite materials and the successful attempts to synthesized 
metal matrix composites by SLM.             
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1.6  Metal matrix composites (MMCs) synthesized by SLM  
 Composite materials can be defined as a mixture of two or more materials, leading to a 
distinguishable material with superior properties [106]. Composites materials can be classified 
into two ways; the first type is based on the matrix constituent, and this classification includes 
ceramic–matrix composites (CMCs), organic-matrix composites (OMCs), polymer-matrix 
composites (PMCs) and metal-matrix composites (MMCs) [81]. The second type of classification 
depends on the reinforcement form: particulates, discontinuous/continuous fiber and woven [81]. 
MMCs have taken heed [107] due to their good mechanical and physical properties that can be 
obtained from reinforcing metal matrix by adding either continuous or discontinuous 
reinforcements. A notable example of reinforcements is ceramics [107]. These materials have a 
balanced combination of high strength, high modulus and high melting temperature. The 
incorporation of the reinforcement to the metal matrix leads to a significant improvement of the 
material properties [107]. The positive features of metal matrix composites, like low costs, high 
specific modulus and strength, thermal stability, good ductility and high service temperature 
capabilities, make MMCs suitable candidates for automotive, aerospace and numerous other 
applications [107]. A prominent example of ceramic reinforcements is TiB2, which has relatively 
high strength and great durability as described by the relatively high values of its melting point, 
hardness, strength to density ratio, and wear resistance [108]. Moreover, TiB2 is able to enhance 
the mechanical properties of steel, aluminium and titanium matrices [101,109]. Similarly, CeO2 
that belongs to the family of oxide dispersion strengthened (ODS) alloys which has stability at 
high temperatures, therefore it is used in metallic matrices as particulate reinforcement in order 
to attain elevated temperature strength and good creep resistance [72,110].  
 
1.6.1 Synthesis of steel based MMCs by additive manufacturing 
 As well known, the ceramics reinforced MMCs displays a good mix of metallic matrix 
and stiffer and stronger ceramic reinforcements [107]. Generally, the MMCs have been 
processed by powder metallurgy or casting techniques [111], but a major problem with 
conventional manufacturing processes is the difficulty of obtaining homogeneous distributions of 
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the ceramic particles through the metal matrix due to the van der Waals forces among the 
particles [112]. Indeed, this obstacle has been overcome by using the AM processes, particularly 
SLM, where the rapid cooling rates can lead to decrease the time of the diffusional growth of the 
reinforcement phase and assure better reinforcement distribution [113,114]. Moreover, the rapid 
cooling rates would induce the retention of fine-grained intermetallic structures [113,114]. A 
number of studies have synthesized successfully steel matrix composites, such as TiB2/H13 steel, 
CeO2/316L, SiC/316L, TiB2/316L and TiC/316L [72,109,115–119]. These studies have shown 
that the reinforcing particles are homogeneously distributed and a significate improvement in 
mechanical properties of the steel matrix at room and high temperatures as well as good wear 
performance can be achieved. 
 Existing research recognizes the critical role played by the preparation of metal powder 
mixtures. It has been reported that the increase of the ball milling time can decrease the average 
crystallite size of 316L steel matrix powder [109]. Moreover, the density of the matrix 
composites was highly influenced by the preparation powder method, for example, after the 
SLM process the powder mixture that was prepared by directly mixed showed larger cracks than 
ball milled powder, also the balled milled method is considered more suitable at higher volume 
fractions of reinforcements [109,120].       
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Chapter 2: Sample preparation and characterization 
 This chapter describes the methodology employed for this study. Therefore, this chapter 
gives an extensive insight on the production by SLM of unreinforced 316L and 316L reinforced 
with TiB2 or CeO2. In addition, the experimental details of the SLM process are reported. After 
that, the methods for phase and microstructural characterisation, physical and mechanical 
investigations are also explained.          
2.1 Materials and processing    
2.1.1 Powder precursors  
 Gas-atomized 316L stainless steel powder (Realizer GmbH) with spherical morphology 
and average particle size of 36 μm was used as starting material for the SLM process. The TiB2 
powder (abcr GmbH) and CeO2 powder (ChemPUR) with average particle size of 3-10 μm and 
0.5-1 μm respectively, were used as reinforcement materials (Fig. 2.1). The chemical 
composition of 316L stainless steel powder is shown in Table 2.1. 
 
Fig. 2.1. Powder morphology for: (a) as-atomized pure 316L powder, (b) 316L/CeO2 powder mixture 
milled for 2h and (c) 316L/TiB2 powder mixture balled milled for 2h.    
   Table 2.1 Chemical composition of the 316L powder (in wt %). 
Type Fe Cr Ni Mo Mn Si 
316L Balance 16-18.5% 10-14% 2-3% <2% <1% 
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2.1.2 Powder mixtures 
 Powder mixtures consisting of the 316L matrix with either 2.5 vol. % or 5 vol. % of TiB2 
(hereafter PM-2.5 and PM-5) were prepared using ball milling in order to ensure a homogeneous 
distribution of the reinforcing phase. Ball milling was carried out for 2 h using a Retsch PM 400 
(Retsch, Haan, Germany) (Fig. 2.2) planetary ball mill with hardened steel vials and balls at a 
ball-to-powder weight ratio of 6:1 and a milling velocity of 100 rpm. In order to minimize air 
contamination during milling, the filling, sealing and opening of milling vials and any successive 
handling of the composite powder mixtures were carried out under purified argon atmosphere 
(less than 1 ppm of oxygen and H2O) in a Braun MB 150B-G glovebox. Also, to avoid excessive 
temperature rise inside of the vial during milling, the rotation was stopped for 15 min after every 
15 min of milling. Similar milling conditions and parameters were used to mix the 316L matrix 
with CeO2 powders. 
 
Fig. 2.2. Images of the planetary ball mill used in this work [121]. 
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2.1.3 Selective laser melting (SLM) 
 The SLM 250HL device (SLM Solutions, Lübeck, Germany) with a build chamber of 
250 mm × 250 mm ×250 mm (height × length × width) was used for the fabrication of samples. 
The SLM system has an Yb-YAG laser with a maximum power of 400 W and a beam diameter 
of ~80 μm. SLM samples were fabricated on a stainless steel substrate plate. The processing 
parameters for the fabrication of unreinforced 316L samples are: laser power 175 W for volume 
and contour, layer thickness 30 μm, hatch spacing 120 μm, hatch style rotation 79°, and laser 
scanning speed 688 mm/s. The SLM process was carried out under high purity argon in order to 
avoid oxygen contamination. Furthermore, the oxygen level was incessantly checked by two 
sensors to ensure that it was less than 200 ppm during the fabrication process. The oxygen level 
should be low as much as possible to avoid the formation of undesired oxide that can lead to 
defects in SLM parts [122]. The earlier mentioned processing parameters were used to fabricate 
316L/TiB2 and 316L/ CeO2 composites except for the laser scanning speed, which was optimized 
as follow: 288 mm/s and 488 mm/s, respectively. Throughout this thesis, the scanning, transverse 
and building directions are abbreviated as SD, TD and BD, respectively. The SLM 316L samples 
containing 0, 2.5 and 5 vol.% TiB2 reinforcement are named henceforth SMC-0, SMC-2.5 and 
SMC-5, respectively. 
 All samples were built with support structures placed between samples and substrate in 
order to attain good heat dissipation and mechanical stability during the SLM process. In 
addition, the four scanning strategies were used to examine their effects on texture and 
mechanical properties of 316L steel, as shown in Fig. 2.3. Tensile sample details are given in 
section 2.3.3. 
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Fig. 2.3. Illustration of the four scanning strategies used in this work: (a) stripe with contour, (b) meander, 
(c) stripe with no contour and (d) checkerboard. The red squares in (a) and (d) represent the contour.  
          
2.1.4 Casting  
 Graphite die casting was used to produce cylindrical samples with 8 mm diameter and 
100 mm length. The cast samples were compared with SLM samples in terms of microstructural, 
mechanical and tribological properties. To avoid the formation of porosity during the casting 
process, the die was preheated to 673 K. In addition, argon was flashed in the melting chamber to 
avoid the oxidation of the melt. Eventually, the cast samples were machined as tensile samples. 
The casting was carried out by Sven Donath at IFW Dresden.       
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2.1.5 Heat treatment 
 The heat treatment was performed by Siegfried Neumann at IFW Dresden. The tensile 
samples were heat treated at 573, 873, 1273, 1373 and 1673 K for 6 h in a FRH-3-40-500-1100 
furnace provided by Linn High Therm. Company. The heat treatment was carried out under 
argon atmosphere. The samples were heated up with a heating rate of 283 K/min and after the 
dwelling of 6 hours the furnace was switched off to cool down the samples.   
2.2 Phase analysis and microstructural characterization 
2.2.1  X-ray diffraction  
The structural and phase analysis was accomplished by X-ray diffraction (XRD) using a 
D3290 PANalytical X'pert, PRO diffractometer with Co-Kα radiation (λ= 0.178897 Å) in 
reflection mode. The diffraction patterns were measured between 2θ = 20° and 120° at room 
temperature with a step size of Δ (2θ ) = 0.013° and 2 s acquisition time per step. The 
diffractometer operated at a current of 40 mA and a voltage of 40 kV. 
 
2.2.2 Residual stress 
 The residual stress study was carried out by Dr. Florian Brenne at the Institute of 
Materials Engineering - Metallic Materials, Kassel, Germany. For analysis of residual stresses 
cubic specimens were first cut in the SD-BD plane. In order to avoid influences from the cutting 
procedure, the step was followed by electrolytic polishing until a depth of ca. 40 µm was reached. 
For the measurements, an empyrean diffractometer with Cu-Kα radiation and a 3 × 3 mm2 poly 
capillary as primary aperture were used. For determination of residual stresses via the sin2-Ψ-
method [123], the intensities of the {420} plane were measured using a step size of 0.05° and 
counting time of 10 seconds. The measurements were conducted in the middle of the building 
height at φ = 0° and φ = 90°, thus, providing the residual stresses directed parallel and 
perpendicular to BD. 
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2.2.3 X-ray computed tomography (XCT) 
 The distribution of the CeO2 particles through 316L matrix was inspected using X-ray 
computer tomography (Phoenix nanotom m, General Electric) equipped with a tungsten-diamond 
target and operating at an acceleration voltage of 100 kV and a current of 90 μA with voxel size 
5 μm. The XCT analysis was accomplished by Dipl. Ing. Alexander Funk at IFW Dresden. 
 
2.2.4 Scanning electron microscopy (SEM) 
 The microstructure of the samples was studied by scanning electron microscopy (SEM) 
using a Leo Gemini1530 microscope (Carl Zeiss, Jena, Germany). Samples for SEM 
investigations were mechanically polished and chemically etched at room temperature for 10 s 
using an acidic water solution containing 2 % HF and 8 % HNO3. The average size of the cells 
was evaluated from the SEM micrographs by using the image analysis software ImageJ 1.X. For 
SEM analysis, the samples were sectioned along the SD-TD plane.  
 
2.2.5 Electron backscatter diffraction (EBSD) 
 The crystallographic orientation and the grain size of the SLM samples were investigated 
by EBSD (Bruker esprit, detector e-flashHR) using the CHANNEL 5 software. The step size of 
the EBSD measurement was 1 µm. For EBSD mapping, the samples were sectioned along the 
SD-TD plane. The EBSD samples were electro-polished by using electrolyte A2 containing 78 
ml perchloric acid and 920 ml ethanol.   
 
 
2.2.6 Transmission electron microscopy. 
 Detailed microstructure and phase distribution analyses were carried out by Dr. Christoph 
Gammer at the Erich Schmidt Institute, Austria using a Philips CM12 transmission electron 
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microscope (TEM), operated at an acceleration voltage of 120 kV and a JEOL 2100F, equipped 
with an imaging spherical aberration corrector operated at an acceleration voltage of 200 kV. 
The TEM was equipped with an EDAX energy-dispersive X-ray spectroscopy (EDS) detector in 
order to measure the chemical composition of the precipitates. Before performing TEM, the bulk 
cylindrical samples (Ø 3.5 × 7 mm) were cut into thin slices with a thickness of 0.5 mm. The 
slices were then grinded mechanically to reduce their thickness to 80 μm: for this purpose 
different sandpapers (P800→P1200→P2500→P4000) were used. The next step was polishing 
the samples with 3 μm diamond suspension and 0.25 μm diamond suspension to about 15-20 μm 
by using a Gatan 656 dimpler. Final thinning was carried out by ion-milling using a Gatan PIPS.  
 
2.3 Physical and mechanical properties  
2.3.1 Density 
 The density of the specimens was calculated by the Archimedes principles using a 
Sartorius density measuring set YDK-01 (0D). At first, the sample were weighted in the air, 
afterwards the samples were immersed in distilled water for a few seconds and then they were 
weighted again. The relative density was gained by dividing the measured density over the 
theoretical density, which was calculated from the composition. The samples with the relative 
density (≥ 99.00 %) were considered as bulk samples, those are used further for physical 
characterization.  
          
2.3.2 Compression tests  
 Room- temperature quasistatic compression tests (strain rate = 5 × 10−5 s−1) were 
performed on cylindrical samples (7 mm length and 3.5 mm diameter) of unreinforced 316L, and 
316L/CeO2 and 316L/TiB2 composites using an Instron 5869 testing facility. The strain was 
measured directly on the samples using a Fiedler laser-extensometer. The compression tests for 
all specimens were intentionally stopped at 15 % strain. At least 5 specimens were tested for 
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each condition (unreinforced matrix and composites) in order to ensure the reproducibility of the 
results. 
2.3.3 Tensile tests 
 The tensile tests were carried out at room temperature using the same device used to 
perform compression tests with the strain rate of 5 x 10-4 s-1. Cylindrical tensile samples (total 
length 52 mm and diameter of the gauge length 3 mm) were prepared by the SLM as illustrated 
in Fig. 2.4. For each case, 5 samples were tested to ensure the reproducibility of the results.    
 
   
 
 
 
Fig. 2.4. Schematic of a tensile specimen fabricated by SLM. 
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Chapter 3: Impact of the scanning strategy on the 
mechanical behaviour of 316L steel synthesized by selective 
laser melting 
 As discussed in Section 1.2.2, the scanning strategy is defined as the pattern of scan 
directions within and between layers [68] and considered one of the most influential parameters 
in materials processing by additive manufacturing. Therefore, optimization of the scanning 
strategy is of primary importance for the synthesis of materials with enhanced physical and 
mechanical properties. The goal of this chapter is to examine the effect of the scanning strategy 
for a 316L stainless steel synthesized by selective laser melting. In order to achieve this aim, four 
different scanning strategies have been employed: (1) stripe with contour, where the patterns are 
parallel to each other and melting occurs along a single direction, along with a final melting step 
where the scan follows the outer contour of the specimen (Fig. 3.1(a)); (2) meander, a style 
similar to the stripe strategy, where melting within adjacent scan tracks takes place along two 
opposite directions (Fig. 3.1(b)); (3) stripe with no contour (Fig. 3.1(c)); (4) checkerboard 
strategy, where melting occurs individually within small islands with size of 1×1 mm2 and where 
the scan direction within adjacent islands differs by 45° (Fig. 3.1(d)). The resulting 
microstructural characteristics have been then used to understand the variation of the mechanical 
properties of the specimens under tensile loading. 
Chapter 3: Impact of the scanning strategy on the mechanical behaviour of 316L steel 
synthesized by selective laser melting 
  
36 
 
 
Fig. 3.1. Illustration of the four scanning strategies used in this work: (a) stripe with contour, (b) meander, 
(c) stripe no contour and (d) checkerboard. The red squares in (a) and (d) represent the contour. 
 
3 Results and discussion 
3.1 Phase analysis and microstructure investigation 
 The XRD patterns of the 316L powder and samples synthesized using the four different 
scanning strategies are shown in Fig. 3.2 along with the pattern of the corresponding cast 
material. The patterns reveal that austenite is the only detectable phase in all specimens. 
Austenite formation in stainless steels depends on the cooling rate and chemical composition, 
especially the Cr/Ni ratio [58]. As long as this ratio is low, the possibility of ferrite formation is 
suppressed, especially at the high cooling rates occurring during SLM, where austenite solidifies 
as the dominant phase because of reduced tendency for solute redistribution [124–126]. These 
findings have been also reported by Saeidi et al., who observed that austenite was the only phase 
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formed during SLM processing of steel [127,128]. The negligible effect of the scanning strategy 
on phase formation in 316L steel synthesized by SLM observed here has also been reported by 
others [41,52,54,96,129]. 
 
 
  
 
  
 
Fig. 3.2. XRD patterns for the 316L powder, samples synthesized by SLM using different scanning 
strategies and cast sample.  
   
 Studying the microstructure of SLM samples helps to understand the relation between the 
melting/solidification processes and the laser parameters, which can then decide the 
microstructural characteristics and the mechanical behaviour of the SLM parts. Three main 
parameters control the final solidified structure [2,124,125]: the temperature gradient G, the 
solidification rate R and the chemical composition. The cast sample (Fig. 3.3(a)) exhibits the 
typical dendritic microstructure of 316L steel [130]. This morphology is significantly different 
from that characterizing the SLM samples, where a cellular microstructure is formed regardless 
of the scanning strategy used (Fig. 3.3(b-i)). The formation of this microstructure can be ascribed 
to the high cooling rate R of SLM processing that may lead to non-equilibrium solidification and 
microstructural refinement as well as to the formation of metastable phases [58,125,131,132]. 
Large temperature gradients and complex heat transfer generated in the melt pool can also cause 
a cellular structure to be formed instead of a dendritic one [100,133]. Another important factor 
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contributing effectively to the formation of a cellular microstructure during SLM is the tendency 
for solute atoms to be forced out from the solvent at the solid-liquid interface while solidification 
takes place [132]. The microstructure of the 316L steel investigated here can be described by a 
combination of coarse columnar and fine cellular structures. The coarse grains (marked by red 
arrows in Fig. 3.3(b, d, f and h)) are located near the boundaries of the melt pools (white dotted 
lines), where the scan tracks overlap; these areas are melted two times, which promotes grain 
growth. Away from the overlaps, the grains become finer (yellow arrows). This, along with the 
rapid movement of the heat source and the related temperature fields, may be the reason behind 
the various morphologies [49,98,127,134–136]. Fig. 3.3(b-c) show that an optimal cellular 
microstructure with an average cell size of 610 ± 19 nm (without detectable porosity or unmelted 
particles) can be generated using the stripe with contour style. These findings corroborate that 
the final microstructure depends strongly on the melt pool morphology and the overlap between 
layers [98,137,138], which both depend on the scanning strategy. In contrast, the meander and 
stripe without contour strategies (Fig. 3.3(d-e) and Fig. 3.3(f-g)) lead to the formation of cells 
with larger average size (683 ± 29 nm and 699 ± 23 nm, respectively) along with visible porosity. 
Using the checkerboard strategy leads to unmelted particles and denudation zones (Fig. 3.3(h-i)), 
especially at the overlaps; such phenomena can be primarily attributed to the shorter scan tracks 
of the checkerboard style and the mismatch between the layers [50,139]. Additionally, the 
unmelted particles may be dragged by the liquid that spills on the sides of the tracks, leaving 
behind denudation zones along the overlaps [140]. These phenomena cause the formation of cells 
with a rather large average size of 887 ± 15 nm. 
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Fig. 3.3. SEM micrographs showing the microstructural features on cross-sections perpendicular to the 
building direction for (a) cast, (b-c) stripe with contour, (d-e) meander, (f-g) stripe without contour and 
(h-i) checkerboard samples. 
 
 EBSD analysis was carried out in order to examine the effect of the scanning strategy on 
grain morphology and grain orientation of the 316L specimens. The results obtained from the 
SD-TD plane are shown in Fig. 3.4. The orientation of the grains depends on the solidification 
conditions, particularly the direction of the thermal gradient, which varies across the melt pool 
due to its particular shape and the rapid movement of the heat source. As a result, the scanning 
strategy influences the solidification direction and, thus, grain orientation and texture formation, 
as was shown in prior studies [68,100,141]. Furthermore Niendorf et al. [142] showed that a 
strong <001> texture comes along with highly columnar grains being elongated towards BD 
when processing is conducted with a high energy laser. However, as the colour variations in Fig. 
3.4(a-d) refer to disparities of crystallographic orientation among grains, no strong texture and, 
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thus, no elongated grains seem to be present, irrespective of the scanning strategy. The fraction 
of <001> oriented grains (red colour) is comparably low, especially in the stripe with contour 
and checkerboard strategies. Despite of the rather low laser power used here for melting of the 
specimens, another reason for the low fraction of <001> oriented grains may be the rotation of 
the scanning direction by 79° after each layer. This additionally changes the direction of the 
thermal gradient in each layer and, as a consequence, reduces the formation of a preferential 
direction [2,143]. 
Fig. 3.4. Inverse pole figure orientation maps obtained by EBSD on the SD-TD plane: (a) stripe with 
contour, (b) meander, (c) stripe without contour and (d) checkerboard samples. 
  
 As shown in Fig. 3.4(a), the average grain size of the 316L synthesized by using stripe 
with contour style is 45 ± 3 µm, in agreement with our previous work [72]. As listed in Table 3.1, 
the average grain size is influenced by the scanning strategy. Using the meander, stripe without 
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contour and checkerboard strategies results in larger grain sizes (51 ± 6 µm, 56 ± 4 µm and 67 ± 
7 µm, respectively). A mechanism that might be responsible for the observed differences in grain 
size between the stripe, meander and checkerboard strategies is the different returning times (i.e. 
the time until the laser is directly next to a point of a melted scan track, when melting the 
neighbouring scan track) [144]. This time can be short, when the scan tracks are small 
(checkerboard), or in large areas of the specimen when the meander scanning strategy is used 
[145]. Shorter returning times can lead to overall higher temperatures (not necessarily melt pool 
temperatures) and may affect the solidification conditions and, in consequence, the grain size 
[144,146]. In addition, a possible explanation for the small difference of average grain size 
between the stripe strategy with and without contour might be that the grain size is smaller in the 
contour in comparison to the volume leading to an average smaller grain size of the specimens 
processed with the contour in comparison to the sample fabricated without contour, in agreement 
with other works [147,148].    
 
3.2 Mechanical properties 
 Tensile tests were performed on cast and SLM specimens parallel to the building 
direction. Representative true stress vs. true strain curves of the samples are displayed in Fig. 
3.5(a) and the corresponding yield strength (YS) and ultimate tensile strength (UTS) are listed in 
Table 3.1. The SLM samples often exhibit improved mechanical properties compared with cast 
samples in terms of YS and UTS [20,84,135,149,150]; the same results are observed in this work. 
The mechanical properties are considerably affected by the scanning strategy. Both YS and UTS 
are highest (560 ± 10 MPa and 1016 ± 8 MPa, respectively) when the stripe with contour style is 
used. The values decrease significantly for the other scanning strategies, especially for the 
checkerboard pattern (439 ± 5 MPa and 675 ± 7 MPa). The variations of YS and UTS with 
scanning strategy can be ascribed to three main aspects. First, the porosity represents a major 
factor that can affect the mechanical behaviour [54,143,151]. Using the stripe style leads to fully 
dense samples, as confirmed by the Archimedes measurements (Table 3.1) and ensures good 
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overlap between the layers, which guarantees that limited porosity develops and higher YS and 
UTS can be achieved. Second, the grain size significantly influences the yield strength: a high 
density of grain boundaries can hinder the movement of dislocations [152]. The formation of 
small cells inside large grains, sub-grain structures, high dislocation concentration and formation 
of silicon oxide nano-inclusions have been proposed to be the reasons behind the high yield 
strength of 316L SLM samples [21,127,137,153]. Here, the cell and grain sizes appear to play an 
important role in the strengthening of the material, as shown in Fig. 3.5(b): finer grains and 
smaller cell sizes correspond to higher tensile strength [152,154]. 
Fig. 3.5. (a) Tensile curves for the 316L samples prepared using casting and SLM with different scanning 
strategies and (b) effect of the cell and grain sizes on the yield strength (0.2 % offset) for the specimens 
fabricated using different scanning strategies.  
 Another factor that may potentially influence the strength of the materials is the presence 
of residual stresses [2,155]. This aspect can be critical for additive manufacturing, as reported by 
Zaeh and Branner [156], who observed that the scanning strategy has a significant influence on 
the generation of residual stresses. The residual stresses in the sample fabricated using the 
checkerboard strategy are higher than for the stripe strategy, (Table 3.2). This is surprising, as 
the scan tracks are shorter for the checkerboard (1 mm) than for the stripe strategy (7.5 mm), and 
longer scan tracks are reported to lead to higher residual stresses, as for example shown in [155]. 
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However the authors in [155] also reported peak stresses directly at the onset of the scan tracks, 
which might be the reason for the higher values observed for the checkerboard strategy in case of 
the present study. In addition to the absolute differences, the stresses perpendicular to BD are 
higher than those parallel to BD in case of the checkerboard strategy, while the reverse is true in 
case of the stripe scanning strategy. A possible explanation for these opposing trends is that, in 
case of the checkerboard strategy, effects not stemming from solidification from the scan tracks 
themselves, but also from overlapping between individual islands may be effective. Eventually, 
complex stress states are present, especially in the areas between the islands, which are 
superimposed to the stresses induced by the scan tracks. As the XRD measurements conducted in 
the present study cannot resolve for local differences on that scale, the stresses induced by the 
overlapping as well as by the scan tracks are incorporated into the values determined by XRD. 
Although no assertions with respect to the formation mechanisms were made in [156], the 
authors also observed residual stresses parallel to BD being smaller than those perpendicular to 
BD in case of a checkerboard strategy and similar values irrespective of their direction in case of 
a stripe strategy (long tracks). However, it has to be taken into account that formation of residual 
stresses is a highly local phenomenon, as shown by various experimental [94,155,156] and 
analytical studies [157], and deviations between individual measurements can be large, impeding 
unambiguous assertions on the basis of the available data. Likewise, reliable comparison of 
absolute values is difficult and the order of magnitude of values reported for additively processed 
316L in [94,158] is about the same in light of the statistical error and different processing 
parameters applied in the individual studies. 
 However, as the value of the residual stresses in the different conditions (stripe and 
checkerboard) are opposing to the yield and ultimate strength observed during tensile tests, the 
residual stresses observed here do not seem to considerably affect the mechanical properties 
under quasi-static loading. This is understandable by considering the high ductility of 316L steel. 
Consequently, these stresses, effective on a small scale only, can be relieved and rearranged by 
local plastic deformation, which is not discernable in the macroscopic stress-strain curve. This is 
in contrast to the comparably brittle Ti-6Al-4V alloy, where the residual stresses were found to 
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lead to reduced strength in the as-built condition [158]. However, the results presented here for 
the different scanning strategies show the complexity of the formation mechanisms of residual 
stresses and, thus, highlight the need for further investigation of this topic. 
Table 3.1. Average values of relative density, yield strength, ultimate tensile strength, cell size and grain 
size for the 316L samples synthesized using different scanning strategies. 
 
  
Table 3.2. Residual stresses generated in the 316L specimens synthesized by SLM using stripe with 
contour and checkerboard strategies.  
 
 
 
 
 Relative density 
(%) 
Yield strength 
(MPa) 
Tensile strength 
(MPa) 
Cell size 
(nm) 
Grain size 
(μm) 
Stripe with 
contour 
99.9 ± 0.1 550 ± 10 1016 ± 8 610 ± 19 45 ± 3 
Meander 99.3 ± 0.2 503 ± 7 983 ± 7 683 ± 29 51 ± 6 
Stripe no 
contour 
99.0 ± 0.3 485 ± 8 980 ± 5 699 ± 32 56 ± 4 
Checkerboard 98.0 ± 0.2 439 ± 5 675 ± 9 887 ± 15 64 ± 7 
 Stripe with contour Checkerboard 
Direction  0°/ BD 90° 0°/ BD 90° 
Residual stress (MPa) 78 ± 35 40 ± 22 108 ± 26 124 ± 25 
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Chapter 4: Effect of heat treatment on microstructure and 
mechanical properties of 316L steel synthesized by selective 
laser melting 
 As discussed earlier in Chapter 3, the stripe with contour scanning strategy has shown the 
smallest cell and grain sizes (610 ± 19 nm and 45 ± 3 µm, respectively) than other scanning 
styles. In addition, the material synthesized using stripe style possesses the highest values of 
yield strength and ultimate tensile strength (about 550 and 1010 MPa) and plastic deformation 
exceeding 50 %. The mechanical properties of steels depend strongly on their microstructure, 
which is determined by phase transformations, precipitation, and recrystallization [25]. However, 
in case of austenitic stainless steels, the heat treatment does not have a significant effect on 
hardness and strength [25,82] because strengthening mainly depends on the phase 
transformations characteristics of steels, particularly the austenite-martensite. This phase 
transformation is impossible or very difficult to occur in stainless steels due to the low carbon 
content (less than 0.01wt %) [125,159]. On the other hand, increase of hardness and strength can 
be achieved in these alloys through the generation of a high dislocation density at the grain and 
cell boundaries induced by rapid solidification [135], through recrystallization [160] and the 
presence of in-situ formed oxide nano-inclusions [2,127]. 
 Therefore, the aim of this chapter is to explore potential heat treatments for adjusting 
microstructures and properties. In order to achieve this purpose, the SLM samples fabricated by 
using stripe style have been annealed at different temperatures and the resulting phase formation, 
compositional and microstructural stability have been investigated. The microstructural changes 
induced by the heat treatments have then be used to understand the corresponding variations of 
the mechanical properties of the specimens under tensile loading. 
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4 Results and discussion 
4.1  Effect of annealing on phase and microstructure stability 
 The XRD patterns in Fig. 4.1 reveal that only single-phase austenite is formed in the as-
SLM specimens and the samples heat treated at various temperatures. Surprisingly, no significant 
difference of the peak intensities was found between as-SLM and heat treated samples, in 
contrast to the findings reported in other works [128,141,153,161,162]. As already discussed in 
Chapter 3, the absence of preferred orientation (texture) can be ascribed to the rotation of the 
scanning direction by 79° after each layer. This can change the direction of the thermal gradient 
in each layer and, as a consequence, the possibility of forming a strong texture is reduced [2,143]. 
 The SEM images Fig. 4.2(a) show the complex cellular microstructure and fine sub-
grains characteristic of the samples synthesized by SLM, which result from rapid solidification 
and the Marangoni effect [124,132,153]. A similar microstructure is observed in the samples 
annealed up to 873 K (Fig. 4.2(b-c)) with the only difference being the average cell size, which 
increases from 520 ± 10 nm for the as-SLM samples to 773 ± 7 and 938 ± 6 nm for the 
specimens annealed at 573 K and at 873 K, respectively (Fig. 4.3). At higher temperatures (T ≥ 
1273 K), the cellular microstructure is no longer observed. 
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Fig. 4.1. XRD patterns of the 316L as-synthesized SLM material and samples heat treated at different 
temperatures. 
Fig. 4.2. SEM micrographs showing the microstructures of (a) as-SLM material and specimens heat 
treated at (b) 573 K, (c) 873 K, (d) 1273 K, (e) 1373 K and (f) 1673 K. 
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Fig. 4.3. Average cell size for the as-SLM specimens and samples annealed at 573 K and 873 K. 
 EBSD measurements were carried out in order to examine the orientation and 
morphology of the grains before and after heat treatment. Fig. 4.4 shows the shape and size of 
the grains, and their distributions on the SD-TD plane. The grains tend to be equiaxed and 
smaller at lower annealing temperatures, with average size 45 ±1 μm, 50 ±3 μm and 55 ±3 μm 
for the as-SLM, 573 K and 873 K samples, respectively (Fig. 4.4(a-c)). The grains become more 
equiaxed and larger with increasing annealing temperature (Fig. 4.4(d-f)): the average grain size 
increases to 65 ±8 μm, 88 ±5 μm and 102 ±3 μm for samples annealed at 1273 K, 1373 K and 
1673 K, respectively. These results confirm that the cellular structure is retained up to 873 K. It 
has been reported that heat treatment can lead to preferential orientation of the grains [163,164] 
but the current study shows that the grains of the annealed samples are still randomly oriented 
and annealing plays no role in texture formation, as also observed by XRD (Fig. 4.1).   
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Fig. 4.4. Grains orientation maps of 316L stainless steel evaluated by EBSD for: (a) as-SLM samples and 
specimens annealed at (b) 573 K, (c) 873 K, (d) 1273K, (e) 1373 K and (f) 1673 K. 
 To analyze the structure of the specimens in more detail, TEM investigations were 
carried out. Fig. 4.5 shows the bright-field images of the as-SLM material and specimens heated 
to 573 K and 873 K. The images of the as-SLM specimens reveal the presence of subgrains of 
about 500 nm in size (Fig. 4.5(a)). The size of the subgrains seen in the TEM images corresponds 
well to the cells observed by SEM (Fig. 4.2). Higher magnification images of the subgrains in 
Fig. 4.5(b) reveal that they are dislocation cells. The bright-field images taken from the 
specimens heated to 573 K and 873 K (Fig. 4.5(c-d)) show no significant differences due to 
heating. In the case of the specimens heated to 873 K, however, in some regions the grains 
showed a more elongated morphology, as shown in Fig. 4.5(e).  
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Fig. 4.5. (a,b) Bright-field TEM images of the as-SLM 316L specimens showing grains with a size of 3-5 
µm that contain dislocation cells with a size of 500 nm. No substantial changes are observed after heating 
to 573 K (c). No significant grain growth was observed when heating to 873 K (d), but in some regions 
the grains showed a more elongated morphology (e). 
 A high density of spherical nanoprecipitates is distributed in the as-SLM material and 
specimens heated to 573 K and 873 K. As a representative example, Fig. 4.6 shows the 
characteristics of the precipitates in the specimens heated to 573 K. The dark-field image in Fig. 
4.6(a), taken by putting the objective aperture between the reflections of the crystalline matrix, 
reveals a high density of nanoscale precipitates appearing as bright particles in the image. To 
study their structure, high-resolution TEM (HRTEM) imaging and electron diffraction were 
carried out. Fig. 4.6(b) shows a HRTEM image of a single precipitate. The precipitate is 
amorphous and is embedded in the 316L matrix in 110 orientation (see the close-ups in Fig. 
4.6(c-d)). TEM investigations of the precipitates were also carried out for the as-SLM samples 
and specimens heated to 873 K, revealing that the precipitates are amorphous for all specimens. 
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The average size of the precipitates is about 30 nm but can range from 2 to 150 nm. The average 
size distribution is similar for all samples investigated here but small precipitates with size below 
10 nm are no longer visible upon heating to 873 K.  
 
Fig. 4.6. (a) Dark-field images of the specimens heated to 573 K showing precipitates distributed 
throughout the sample. A HRTEM image of a single precipitate is shown in (b). The precipitate is 
amorphous and the FCC structured of the 316L matrix shows a 110 orientation, see close-ups in (c) and 
(d). 
 To analyze the chemical composition, EDS was carried out for the as-SLM 316L and the 
specimens heated to 573 K and 873 K (Table 4.1). The composition of the matrix is in good 
agreement with the nominal composition of the starting powder. The composition of the 
precipitates, on the other hand, shows an increased amount of Mn and Si. Therefore, it can be 
concluded that the samples contain amorphous Mn-Si-rich spherical nano-precipitates. A 
possible explanation for Si precipitation is that Si segregates during solidification [82]; Si is a 
ferrite stabilizer and is rejected from the liquid along the solid-liquid interface; as a result, it may 
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be trapped at the interface and precipitate at the grain boundaries and cell walls. On the other 
hand, the enrichment of Mn cannot be explained in accordance with phase partitioning [165–
167]. The enrichment of Mn may be attributed to the high tendency of Mn to diffuse in stainless 
steels, particularly in the austenite phase. In addition, the affinity of Mn for oxygen, even at the 
low oxygen levels attained during either SLM or the annealing process, can lead to an enhanced 
diffusion rate of Mn in austenitic stainless steels [168].  
Table 4.1. Results from the TEM EDS composition measurements for the matrix and the precipitates in 
the as-SLM samples and specimens heated to 573 K and 873 K. The nominal composition of the 316L 
powder is also given for comparison. 
 Powder As-SLM 573 K 873 K 
 Nominal 
(wt.%) 
Matrix 
(wt.%) 
Precipitates 
(wt.%) 
Matrix 
(wt.%) 
Precipitates 
(wt.%) 
Matrix 
(wt.%) 
Precipitates 
(wt.%) 
Fe Balance 63.21 13.3 65 6.4 65 5.5 
Cr 16-18.5% 19.47 12.1 16 8.1 16 6.9 
Ni 10-14% 9.74 6 13.7 0 13.7 0 
Mo 2-3% 4.69 0 2.8 0 2.8 0 
Mn <2% 2.89 34.82 1.4 44.9 1.4 38.4 
Si <1% 0 39.77 1 40.7 1 34.8 
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4.2 Effect of annealing on mechanical properties under tension 
 Room-temperature tensile tests were carried out parallel to the building direction for as-
SLM and heat-treated samples. The representative stress-strain curves of all samples are 
presented in Fig. 4.7(a). The as-SLM samples show an excellent combination of strength and 
ductility: yield strength and ultimate tensile strength are 550 ± 10 MPa and 1016 ± 8 MPa, 
respectively, and plastic deformation exceeds 50 %. The strength of the specimens decreases 
with increasing annealing temperature (Fig. 4.7(b) and Table 5.2). There are several possible 
explanations for this behaviour. Firstly, as mentioned previously, the presence of immiscible 
elements at the solid-liquid interface, which may solidify at the boundaries [132,169], leads to 
the formation of a very fine cellular microstructure with small subgrains accompanied by the 
formation of dense dislocation networks in the individual grains, as revealed by the TEM 
analysis. Secondly, the misorientation between cells and cell walls may cause pile-up of 
dislocations at the walls, which would prevent the generation of high local stresses until the 
ultimate tensile stress is reached [170]. As the applied stress increases, the hindered dislocations 
can move through the dislocation walls and, simultaneously, the pining effect from the 
segregated atoms contributes to the stabilization of the dislocation network during plastic 
deformation. Thirdly, the cellular microstructure usually has subgrains, as observed from TEM 
analysis; these subgrains have misorientations [171], which repel the dislocation movements and 
delay the occurrence of fracture. In addition, the flow stress of the deformed metal is inversely 
proportional to the size of the dislocation cells [172]. Therefore, the microstructure of the as-
SLM samples showing these characteristics is the key factor leading to high yield and tensile 
strengths without sacrificing the ductility. One of the most obvious differences between the as-
SLM samples and the annealed specimens is the degradation of the yield strength and ultimate 
tensile strength with increasing annealing temperature (Fig. 4.7(b)). As previously discussed, no 
preferred orientation of the grains was observed. Therefore, it is likely that these results are due 
to the microstructural variations that occur upon heat treatment. In fact, the SEM and TEM 
analyses confirm that annealing causes growth of grains and cells, and decreases the dislocation 
network. Moreover, the subgrain misorientation is inversely proportional to the annealing 
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temperature [171]. This means that there are not enough barriers to carry the plastic deformation 
and hinder the dislocation movement. As a consequence, the mechanical properties of the heat-
treated samples are deteriorated. 
Fig. 4.7. (a) Tensile stress-strain curves of as-SLM samples and specimens annealed at various 
temperatures, and (b) effect of heat treatment on the yield and ultimate tensile strength of the different 
samples. 
Table 5.2. Average values of yield strength and ultimate tensile strength of as-SLM and heat treated 
samples. 
 Yield strength 
(MPa) 
Ultimate tensile 
strength (MPa) 
As-SLM 550 ± 10 1016 ± 8 
573 K  459 ± 3 969 ± 5 
873 K 440 ± 3 941 ± 4 
1273 K 347 ± 8 836 ± 7 
1373 K 243 ± 5 814 ± 7 
1673 K 174 ± 7 712 ± 4 
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Chapter 5: 316L steel matrix composite reinforced with 
CeO2 particles: process optimization by adjusting the laser 
scanning speed 
 The addition of reinforcing particles, such as SiC, TiC, TiB2, and Al2O3, to stainless 
steel can further enhance mechanical and wear properties at moderate and high temperatures, 
and expand the range of potential applications of these composites to aerospace and 
biomedical industries [103,104]. Also, the addition of oxide dispersion strengthened (ODS) 
alloys particles like Y2O3, CeO2, Al2O3, and TiO2 can improve the strength, creep and 
resistance against radiation at elevated temperature [110,173,174]. Therefore, based on the 
good properties of the 316L steel alloy fabricated using the stripe strategy discussed in 
Chapter 3, in this chapter, 316L matrix composites reinforced with 5 vol.% CeO2 particles 
have fabricated. To achieve fully-dense composite samples, different scanning speeds have 
been employed and the resulting phases, microstructures and densification of the SLM parts 
have been investigated. 
5 Results and discussion 
5.1 Optimization the laser scanning speed 
 The optimized SLM parameters for the unreinforced 316L matrix (scanning speed 
688 mm/s, laser power 175 W, layer thickness 30 µm, hatch spacing 120 µm, and hatch style 
rotation 79°) provide highly-dense specimens with a relative density of 99.9%, as 
demonstrated by the corresponding results in Fig. 5.1(a) and Fig. 5.2(a). On the other hand, 
the same parameters are not suitable for SLM processing of the 316L/CeO2 powder mixture: 
the composite material is highly porous (relative density ~94 %) with the CeO2 phase (bright 
contrast in Fig. 5.1(b)) mostly located at the interface between matrix and pores. Two main 
differences, which can explain this behaviour, exist in the processing of the unreinforced 
matrix and 316L/CeO2 powders: (i) the milling step used for the preparation of the 
homogeneous 316L/CeO2 powder mixture and (ii) the presence of the CeO2 second phase. 
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Fig. 5.1. XCT images for: (a) an unreinforced 316L specimen synthesized by SLM with a scanning 
speed of 688 mm/s, (b) a 316L/CeO2 composite synthesized at 350 mm/s, and (c) a 316L/CeO2 
composite synthesized at 488 mm/s. Note that the other processing parameters have been kept 
constant. The small bright particles in (b) and (c) are CeO2 and the black dots in (b) are porosity. 
 Milling can induce a significant change in the size and morphology of the powder, 
which in turn may influence the melting and solidification steps. Indeed, milling for 2 h 
drastically increases the size of the unreinforced 316L powder so that defect-free specimens 
can no longer be synthesized using the optimized parameters (not shown here). On the other 
hand, milling the 316L/CeO2 powder mixture only slightly reduces the particle size compared 
to the as-atomized powder ( Fig. 5.3(a-b)). The effect of milling can, therefore, be neglected. 
  
 
 
Chapter 5: 316L steel matrix composite reinforced with CeO2 particles: process 
optimization by adjusting the laser scanning speed 
 
58 
 
The addition to the CeO2 second phase most likely has the strongest impact for 
affecting powder melting and the subsequent solidification process. The presence of the CeO2 
particles on the surface of the 316L particles (Fig. 5.2(c)) may absorb some of the laser 
energy input, making the energy insufficient to entirely melt the 316L particles. This 
behaviour may preferentially raise the temperature on the particles surface, leading to surface 
melting, while the particle cores are still solid. Through this mechanism, necks are formed 
between the particles; however, due to the fast movement of the laser beam, the particles are 
only partially joined together and pores between solidified metallic agglomerates are left 
behind [175]. 
 
Fig. 5.2. SEM micrographs for: (a) an unreinforced 316L specimen synthesized by SLM at 688 mm/s; 
(b) a 316L/CeO2 composite synthesized at 688 mm/s; and (c) 316L/CeO2 powder mixture ball milled 
for 2 h. The bright contrast indicated by red arrows in (b) and the small bright particles adhering to 
the large 316L particles in (c) are the CeO2 phase. 
 The use of a low laser power or a fast laser scanning speed usually leads to higher 
porosity during laser processing of 316L stainless steel [175]. Under these conditions, the 
energy input is decreased and the volume of the melt pool becomes smaller, leading to a 
discontinuous scan track smaller than the laser spot and to the occurrence of the balling 
phenomenon [140,176–178], where the laser penetration depth is not deep enough to weld the 
neighbouring layers [179]. To overcome this problem, the decrease of the laser scanning 
speed is recommended to achieve higher densification levels in SLM parts [180]. Lower 
scanning speeds, and thus the increase of the laser energy input, create a large melt pool and 
more powder particles are melted [181]. 
Chapter 5: 316L steel matrix composite reinforced with CeO2 particles: process 
optimization by adjusting the laser scanning speed 
 
59 
 
 Fig. 5.3. Powder size distribution for: (a) as-atomized pure 316L powder and (b) 316L/CeO2 powder 
mixture ball milled for 2 h.  
 The scanning speed should be selected carefully in order to provide sufficient energy 
input capable to create a continuous track of molten liquid and a fully dense surface after 
solidification. The density of CeO2 (7.65 g/m3) is slightly lower than that of 316L (8 g/m3) 
[182] and, consequently, the scanning speed should be fast enough to shorten the 
solidification time without giving the reinforcement particles time for floating on the top of 
the melt pool [91]. Decreasing the scanning speed to 350 mm/s, while keeping the other 
parameters constant, increases the relative density to 98% (Fig. 5.1(b)); unfortunately, the 
CeO2 particles are not homogeneously distributed and are mainly located at the edges of the 
sample. At such a low scanning speed, a large temperature gradient may exist between the 
center and the edge of the melt pool [183]. This may lead to a higher surface tension at the 
cooler edge, which may then be accompanied by the outward flow of the CeO2 particles from 
the hot liquid to the edge of the pool, explaining the behaviour observed in Fig. 5.1(b). This 
adverse effect can be mitigated by increasing the scanning speed to 488 mm/s (Fig. 5.1(c)). 
SLM processing using this speed corresponds to sufficient energy density to fully melt the 
powder particles, avoiding the preferential location of the reinforcement particles along the 
sample edges. No crack or balling phenomena occur at this optimized speed and the 
316L/CeO2 composite sample shows a very high relative density of 99.9% with rather well-
distributed reinforcing particles. 
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5.2 Phase analysis, microstructural evolution and mechanical properties 
 Both the unreinforced 316L matrix and 316L/CeO2 composite consist of a single-
phase austenite structure (Fig. 5.4). The CeO2 phase cannot be detected in all XRD patterns. 
This can be due to the melting and dissolution of the CeO2 phase during SLM or because the 
small amount of reinforcement is below the detection limit of the instrument. The latter 
possibility is corroborated by the fact that no diffraction peaks of the CeO2 phase are detected 
in the 316L/CeO2 milled powder. In addition, the CeO2 particles are visible in the XCT image 
in Fig. 5.1(c), further supporting that the CeO2 phase is not melted during the process. 
Because XCT analysis was carried out using a voxel size of 5 µm, which sets the lowest limit 
for the detection of the second phase, it is surprising to observe the CeO2 particles 
considering their small starting size (0.5–1 µm). The CeO2 particles must, therefore, have 
been clustered during SLM processing to a size suitable for XCT analysis. This hypothesis is 
corroborated by the SEM micrographs shown in Fig. 5.5: CeO2 particles with size in the 
range of 30–200 µm are indeed formed in the 316L/CeO2 composite. 
 
 
 
 
 
 
 
Fig. 5.4. XRD patterns (λ = 0.17889 nm) for pure CeO2 powder, 316L/CeO2 powder mixture ball 
milled for 2 h, an unreinforced 316L specimen processed at 688 mm/s, and a 316L/CeO2 composite 
sample synthesized at 488 mm/s. 
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Fig. 5.5. SEM micrographs for the 316L/CeO2 composite synthesized by SLM at 488 mm/s: (a) 
overview showing the distribution of the CeO2 particles; (b) view at higher magnification revealing 
that clustering of the CeO2 particles occurs during SLM (see also the inset corresponding to the 
dashed box in (b)). The red arrows indicate the position of the CeO2 particles. 
 Due to the high cooling rate characterizing materials processing by SLM (103–106 
K/s), metastable phases and microstructures can be formed [86,184]. As already shown in 
Chapter 3, the present unreinforced 316L specimen displays a fine cellular microstructure 
(Fig. 5.6(a,b)), in agreement with previous reports on 316L fabricated by SLM [49,127,185]. 
The addition of the CeO2 reinforcement does not affect the formation of the cellular 
microstructure (Fig. 5.6(c-e)); however, the CeO2 phase induces significant microstructural 
refinement and decreases the cell size in the composite material with respect to the 
unreinforced matrix, as demonstrated by the cell size distributions shown in Fig. 5.6(f). 
 Grain refinement occurs at a larger length scale as well. EBSD analysis reveals that 
the average grain size (calculated over more than 2300 grains) of the unreinforced 316L (45 ± 
3 µm) is reduced in the 316L/CeO2 composite to about 25 ± 2 µm (Fig. 5.7). The CeO2 
particles are thus effective grain refiners, acting as heterogeneous nucleation sites and 
hindering the growth of both cells and grains [186]. The reduced grain size cannot be 
attributed to the reduced scanning speed used in the 316L/CeO2 composite with respect to the 
unreinforced 316L. Slower scanning speed would increase the depth and volume of the 
molten pool, consequently raising the temperature and increasing the time needed for 
solidification. This, in turn, would give the grains more time to grow, leading to 
microstructural coarsening rather than refining, in agreement with the work of Dutta 
Majumdar et al. [95], who observed the decrease of the grain size with increasing scanning 
speed in 316L steel processed by laser-assisted rapid fabrication. The addition of the CeO2 
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reinforcement has a significant influence on the yield strength (0.2 % offset), which increases 
from 412 ± 7 MPa for the unreinforced 316L to 485 ± 4 MPa for the 316L/CeO2 composite 
while retaining appreciable plastic deformation (Fig. 5.8). The observed increase of strength 
can be ascribed to the load-bearing capacity of the CeO2 reinforcement [187] along with the 
Hall-Petch strengthening contribution resulting from structural refinement [154]. 
 
Fig. 5.6. SEM images showing the cellular microstructure formed in (a,b) an unreinforced 316L 
specimen synthesized by SLM at 688 mm/s and (c–e) a 316L/CeO2 composite synthesized at 488 
mm/s;(f) Distribution of the cell size in the unreinforced 316L and 316L/CeO2 composite. 
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Fig. 5.7. EBSD analysis for: (a,b) an unreinforced SLM 316L specimen synthesized at 688 mm/s and 
(c,d) a SLM 316L/CeO2 composite processed at 488 mm/s. The small yellow particles in (c) are CeO2. 
 
Fig. 5.8. Room-temperature compressive stress-strain curves for the unreinforced SLM 316L 
specimen synthesized at 688 mm/s and SLM 316L/CeO2 composite processed at 488 mm/s. 
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Chapter 6: Modifying the microstructure of 316L 
stainless steel fabricated by selective laser melting by the 
addition of TiB2 particulates: Effect on mechanical 
properties 
 Based on the successful attempt to synthesize 316L steel matrix composites (SMC) 
with refined microstructure and improved mechanical properties attained in Chapter 5, in this 
chapter, processing, microstructure and mechanical properties of composites consisting of a 
316L stainless steel matrix and micro-scaled reinforcing TiB2 particles synthesized by SLM 
have been investigated. In this chapter, powder mixtures consisting of the 316L matrix with 
either 2.5 vol % or 5 vol % of TiB2 are mentioned hereafter PM-2.5 and PM-5. The SLM 
316L samples containing 0, 2.5 and 5 vol.% TiB2 reinforcement are named henceforth SMC-
0, SMC-2.5 and SMC-5, respectively. 
6 Results and discussion 
6.1 Phase analysis and microstructure characterization   
Fig. 6.1 shows the XRD patterns of the TiB2 powder, the PM-2.5 and PM-5 powder 
mixtures and of SMC-0, SMC-2.5 and SMC-5 samples fabricated by SLM. For all samples, 
the austenite phase is clearly detected. The TiB2 phase cannot be detected in the SMC-2.5 
SLM sample, as the volume fraction of the reinforcement is most likely below the detection 
limit of the instrument. Similarly, no diffraction peaks of the TiB2 phase are identified in PM-
2.5 mixture. The diffraction peaks corresponding to the TiB2 phase can be observed in both 
PM-5 and the SMC-5 SLM- samples. No ferrite phase is present in all samples, in contrast to 
the findings in other works [109,128,141,153,161,162]. These results are in agreement with 
those reported in other studies [72,98,188]. 
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Fig. 6.1. XRD patterns for pure TiB2 powder, PM-2.5 and PM-5 powder mixtures, and specimens 
synthesized by SLM: unreinforced 316L matrix (SCM-0), composites reinforced with 2.5 % TiB2 
(SMC-2.5) and 5 % TiB2 (SMC-5). 
 High magnification SEM images taken from the SD-TD plane of the SCM-0, SMC-
2.5 and SMC-5 samples are displayed in Fig. 6.2. They show a fine cellular microstructure 
and fine sub-grains, resulting from the high cooling rate during the SLM process that may 
cause non-equilibrium solidification, enhanced solubility and refined microstructure as well 
as the formation of metastable phases [58,125,131,132]. The addition of the TiB2 
reinforcement does not influence the formation of the cellular microstructure (Fig. 6.2(b-c)) 
but it causes a significant microstructural refinement: the average cell size is reduced from 
527 ± 8 nm for SMC-0 sample to 46 ± 4 nm and 32 ± 3 nm for SMC-2.5 and SMC-5, 
respectively. This cellular refinement may be explained by the fact that the high-temperature 
gradient in the melt pool together with the change of the chemical composition after TiB2 
addition may generate Marangoni convection and surface tension gradients, resulting in 
heterogeneous nucleation and uniform distribution of the TiB2 particles in the matrix [2,189]. 
In addition, the TiB2 particles may serve as heterogeneous nucleation sites and impede the 
growth of cells, due to the good wettability between 316L and TiB2 [90], leading to further 
cellular refinement. This finding is in agreement with previous reports on 316L composites 
fabricated by SLM [72,109,118,119,189]. 
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Fig. 6.2. SEM images showing the cellular microstructure characterizing the 316L matrix composites 
(a) SMC-0 (0 % TiB2), (b) SMC-2.5 (2.5 % TiB2) and (c) SMC-5 (5 % TiB2). 
 EBSD analysis was carried out in order to investigate the orientation and morphology 
of the grains before and after the addition of the TiB2 particles. Fig. 6.3 shows the results 
gained from the SD-TD plane. The SMC-0 microstructure shows either equiaxed or columnar 
grains elongated along the BD (Fig. 6.3(a)), which are typical of alloys fabricated by SLM 
[143,190]. After TiB2 addition, the grains tend to be more equiaxed, shorter, narrower and 
that more subgrains are formed inside of the grains, as evidenced by the colour variations 
within single grains, as shown in Fig. 6.3(b-c). Also, the SMC-0 microstructure shows many 
large grains at the melt pool boundaries (black rectangles in Fig. 6.3(a)), which is in contrast 
to the microstructure of the SMC-2.5 and SMC-5 samples. The average grain size 
significantly decreases from 45 ±3 µm for SMC-0 to 6 ± 2 and 2 ± 1 µm for SMC-2.5 and 
SMC-5, respectively. The observed grain refinement in SMC-2.5 and SMC-5 can be 
attributed to the addition of the TiB2 particles, as discussed above. Another possible 
explanation for this grain refinement is that the TiB2 particles have a higher melting point and 
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a smaller size than the 316L powder and, therefore, they can act as impurity particles in the 
melt pool and interact with grain boundaries, subsequently acting as pinning point and thus 
retarding the grain growth [58,191].  
 
 
 
 
Fig. 6.3. Inverse pole figure orientation maps obtained by EBSD on the SD-TD plane: (a) SMC-0, (b) 
SMC-2.5 and (c) SMC-5 samples. 
 The smaller grain sizes in SMC-5 than in SMC-2.5 can be interpreted by the Zener 
pinning effect [192]. According to many studies, the <001> direction (red colour in Fig. 6.3) 
is the most preferable direction in cubic materials due to epitaxial growth [68,100,141,193]. 
However, it can been seen in Fig. 6.3(a-b) that the grains are oriented randomly, especially in 
the SMC-0 and SMC-2.5 samples. This may be attributed to the rotation of the scanning 
strategy direction by 79° after each layer, which can change the direction of the thermal 
gradient in each layer and, as a consequence, the formation of a preferential direction is 
dwindled [2,143]. On the other hand, the SMC-5 sample exhibits preferentially oriented 
grains in the <001> direction (red colour), as shown in Fig. 6.3(c). This relatively preferred 
grain growth may have been due to the steep changes in temperature field and flow field of 
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the melt pool resulting from the high TiB2 content [194]. Also, the differences in thermal 
properties between TiB2 and 316L may result in a higher undercooling rate in the vicinity of 
the TiB2 particles as compared to areas far away from them. As a consequence, grain 
nucleation occurs and the grains keep the crystallographic orientation of the neighbouring 
grains and grow epitaxially towards the centre of the melt pool in the direction of the 
maximum thermal gradient [58,193,195].  
 Fig. 6.4 shows a TEM study of the SMC-0, SMC-2.5 and SMC-5 specimens. As 
already shown in Chapter 4, the SMC-0 sample (Fig. 6.4(a)) exhibits subgrains with size of 
about 500 nm consisting of dislocation cell walls (Fig. 6.4(b)). No precipitates were 
encountered in the unreinforced 316L sample. Fig. 6.4(c) shows a bright-field image for the 
SMC-2.5 specimen. The sample shows grains with sizes in the range of 3-5µm; however, in 
some areas larger grains were observed. The grains are separated into subgrains that have a 
size of around 500 nm. The most striking difference to the SMC-0 specimen is the presence 
of additional dark-particles along the subgrains and the grain boundaries in the SMC-2.5 
specimen. Close inspection of the higher magnification image in Fig. 6.4(d) reveals that they 
are crystalline Cr-rich particles. From electron diffraction and EDX they can be identified as 
the Cr-Fe sigma-phase [196]. In addition, homogeneously dispersed circular precipitates with 
sizes around 50-100 nm can be found throughout the grains. EDX analysis (not shown here) 
reveals that they are TiB2 particles. From electron diffraction and high-resolution imaging, it 
was confirmed that they have an amorphous structure. Finally, Fig. 6.4(e) shows a bright-
field image of the SMC-5 sample. A grain size around 500 nm can be observed, but in some 
sample areas larger grains are present. The higher magnification image in Fig. 6.4(f) shows 
the presence of Cr-Fe particles along grain and subgrain boundaries that were also observed 
in the SMC-2.5 sample. Similarly, circular amorphous TiB2 precipitates are present in the 
sample. In contrast to the SMC-2.5 specimen, however, entire TiB2 grains can be observed in 
the SMC-5 specimen. 
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Fig. 6.4. TEM images showing the dislocations at the cellular structure and the TiB2 particles 
distribution for the composites (a-b) SCM-0 (0 % TiB2), (c-d) SMC-2.5 (2.5 % TiB2) and (e-f) SMC-
5 (5 % TiB2). 
 
6.2 Mechanical properties and strengthening mechanism 
 The room temperature compressive stress-strain curves for the SMC-0, SMC-2.5 and 
SMC-5 samples are shown in Fig. 6.5. The addition of the TiB2 particles has resulted in a 
drastic increase of the yield strength (0.2 % offset), raising from 412 ± 7 MPa for SMC-0 to 
600 ± 3 MPa and 845 ± 5 MPa for SMC-2.5 and SMC-5, respectively. Several factors can 
explain this observation. Firstly, as reported in previous studies [76,132,197], 316L stainless 
steel will reject the ferrite stabilizers (e.g., Cr, Mo and Si ) from the liquid along the solid-
liquid interface during solidification. They are precipitated at the cell walls and grain 
boundaries and contribute together with the TiB2 particles in the matrix and along the 
boundary to cause an accumulation structure mechanism [191,198], which hinders the slip of 
dislocations. Secondly, as grain size decreases, the grain boundary area increases [58], as 
observed in the EBSD analysis; that means more obstacles able to block the dislocation 
movements and force the dislocations to snarl and pile up near the grain boundaries. Thirdly, 
the cellular microstructure commonly has subgrains, as observed from the TEM analysis; 
these subgrains have misorientations [171]. As grain and cell refinement occurs, more 
subgrains and cells are formed which retard the dislocation movement and increase the 
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plastic deformation. Fourthly, the spherical nano-sized TiB2 precipitations at the subgrain 
boundaries, as revealed from TEM, improve the adequacy of load transfer from 316L matrix 
to the hard TiB2 phase. Fifthly, the precipitation of the TiB2 at grain boundaries plays a key 
role in increasing the concentration of high stresses which also contribute to an increased the 
strain hardening [191,199,200]. For all these reasons, the yield strength of the 316L matrix 
composite is enhanced.   
 
 Fig. 6.5. Compressive strain-stress curves of the SMC-0, SCM-2.5 and SMC-5 specimens. 
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Chapter 7: Conclusions and outlook 
 This thesis has systematically investigated the important role played by the scanning 
strategy on densification, microstructure and mechanical properties of 316L steel samples. The 
following conclusions can be drawn:  
 A single-phase austenite is formed regardless of the scanning strategy used and all 
specimens display a cellular microstructure and random crystallographic texture. 
 The scanning strategy, however, considerably affects the density of the samples and the 
size of the characteristic microstructural features: cells and grains. Specifically, the stripe 
with contour style generates the smallest cell and grain sizes (610 ± 19 nm and 45 ± 3 µm, 
respectively), whereas the checkerboard strategy the largest (887 ± 15 nm and 64 ± 7 µm). 
 The microstructural refinement induced by the stripe strategy leads to the best 
combination of mechanical properties: yield strength and ultimate tensile strength are 
about 550 and 1010 MPa and plastic deformation exceeds 50 %. The findings reported 
here further confirm the fundamental importance of the scanning strategy for the 
synthesis of SLM parts with optimized microstructures and enhanced mechanical 
performance, and offer a possible route for the microstructural refinement of parts 
synthesized by selective laser melting. 
 In addition, the effect of annealing on the stability of phases, composition and 
microstructure of 316L stainless steel has been examined. The findings of the annealing study 
can be summed up as below: 
 The complex cellular microstructure with fine subgrain structures is stable up to 873 K. 
The cell size increases with increasing annealing temperature until the cellular 
microstructure can no longer be observed at high temperatures (T ≥ 1273 K). 
 Annealing does not change the random crystallographic orientation observed in the as-
synthesized material, neither leads to phase transformation. The strength of the specimens 
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decreases with increasing annealing temperature as a result of the microstructural 
coarsening.  
 The complex cellular microstructure and subgrains along with the misorientation between 
grains, cells, cell walls and subgrains contribute to the superior strength and good 
ductility of the as-SLM samples in comparison with the annealed specimens. 
 The findings reported here show that the optimal combination of strength and ductility 
for the current 316L material is already reached during SLM processing and that 
additional heat treatments do not improve the performance of the material, as the 
decrease of strength is not compensated by a corresponding increase of plastic 
deformation. Alternative methods that utilize the remarkable ductility of the as-SLM 
316L, such as in composites where strengthening of a ductile matrix is achieved by 
introducing a hard second phase, appear to have higher potential for development. 
 Moreover, this thesis successfully optimizes the SLM processing parameters, particularly 
the laser scanning speed, in order to synthesize 316L/CeO2 and 316L/TiB2 matrix composites. 
The results obtained from these materials can be shown as below:  
 The laser scanning speed has been optimized in order to achieve highly-dense defect-free 
316L/CeO2 and 316L/TiB2 specimens.  
 The addition of the CeO2 or TiB2 phase does not change the phase formation during 
solidification but it affects the microstructure of the composite, which is considerably 
refined compared with the unreinforced 316L material. The refined microstructure 
induces significant strengthening in the composite without deteriorating the plastic 
deformation. 
 The distribution of the TiB2 particles with a size of about 50-100 nm along the grain 
boundaries together with the refined microstructure contribute to the strengthening of the 
materials without sacrificing the plastic deformation. 
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 These preliminary results not only indicate that highly-dense either 316L/CeO2 or 
316L/TiB2 composites with enhanced room-temperature strength can be synthesized by 
SLM, but also they open the possibility to extend the analysis of their properties to high 
temperatures, enlarging the possible applications of this type of composites. 
 The results of this study show the importance of the scanning strategy in determining the 
microstructure and mechanical properties of the 316L steel fabricated by SLM. Moreover, this 
study has revealed how the addition of ceramic particles to the 316L steel matrix can 
significantly refine the microstructure and improve the mechanical properties. The knowledge 
obtained from the present work can productively extend the use of 316L steel matrix composites 
for high temperatures applications. For further investigations, the focus will be directed to study 
endurance of resultant steel matrix composites during different mechanical tests, such as tensile 
tests at room and different temperatures, low and high cycles fatigue tests and wear tests.     
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